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Zusammenfassung / Summary 
Zusammenfassung 
Calluna vulgaris (L.) Hull ist ein für den deutschen und europäischen Gartenbau bedeuten-
des Ziergehölz, bei dem vorrangig der Phänotyp der Blüte im Fokus der Konsumenten liegt. 
Als wirtschaftlich wichtigste Blütenform gelten die sogenannten „Knospenblüher“, deren Blüte 
im Gegensatz zum Wildtyp keine Antheren ausbildet und sich nicht öffnet. Dies führt zu einer 
Erhaltung der Blütenfarbe und somit der Attraktivität der Blüten bis in den Winter. Das Merk-
mal „Knospenblütigkeit“ stellt daher seit einigen Jahrzehnten das herausragende Zuchtziel 
für diese Art dar. Die hauptsächlich angewendeten Züchtungsmethoden der Rückkreuzung 
und der Sport-Selektion führten zu einer abnehmenden phänotypischen Differenzierbarkeit 
von Genotypen und Sorten. Hieraus wiederum resultierten zunehmend juristische Auseinan-
dersetzungen bezüglich der Frage der Sortenableitung und des -schutzes. 
In der vorliegenden Arbeit wurde daher als Grundlage weiterer Züchtungsvorhaben mit PCR-
basierten „fingerprinting“-Methoden (RAPDs, ISSRs) für eine wissenschaftlich und wirtschaft-
lich relevante Auswahl von 74 C. vulgaris Genotypen die vorhandene Diversität auf Genom-
ebene geschätzt. Es konnte ein hohes Maß an Übereinstimmung (> 0.74 Dice-Index) der 
getesteten Genotypen nachgewiesen werden. Ferner wurde die Anwendbarkeit eines Sys-
tems zur Identifizierung abgeleiteter Sorten geprüft und für die Verwendung in C. vulgaris 
erfolgreich modifiziert. Die Erstellung von spaltenden Rückkreuzungspopulationen diente der 
weiteren Aufklärung der vermuteten monogen-rezessiven Vererbung des Merkmals „Knos-
penblütigkeit“. Molekulare Untersuchungen in diesen Populationen wurden im Hinblick auf 
die Etablierung eines markergestützten Selektionssystems für dieses Merkmal durchgeführt. 
Mit ‚bulked segregant analysis’ wurden zwei merkmalsgekoppelten DNA-Segmenten (RAPD) 
identifiziert, mit denen die Selektion von Knospenblühern in der Ausgangspopulation möglich 
ist. Die Sequenz dieser Fragmente wurde untersucht und diente als Grundlage zur Etablie-
rung von SCAR- und SSCP-Markern. In Bezug auf die Blütenbiologie der „Knospenblüher“ 
fehlten bisher Erkenntnisse zur Blütenorganidentität sowie zur Ursache des Antherenver-
lusts. Daher wurden detaillierte mikroskopische, histologische und molekularbiologische Un-
tersuchungen des normal- sowie des knospenblütigen Phänotyps durchgeführt, die darauf 
hindeuten, dass bei Knospenblühern die Petalen in einen zusätzlichen Kreis petaloider Se-
palen umgewandelt sind, während die Antheren nicht in andere Organe umgewandelt wur-
den, sondern vollständig fehlen. Mit Hilfe von RACE-PCR wurden partielle Sequenzen zwei-
er unterschiedlicher MADS-box-Transkriptionsfaktoren der Klassen B (AP3/DEF-like) und E 
(SEP1-like) gewonnen. Diese Daten wurden für quantitative Genexpressionsanalysen in Blü-
tenorganen mit qRT-PCR genutzt. In Kombination mit den morphologischen Erkenntnissen 
stellt die Gesamtheit der gewonnenen molekularen Daten die Grundlage und die Vorausset-
zung für die weitere gezielte züchterische Bearbeitung dieser Kultur und des Merkmals 
„Knospenblütigkeit“ im Speziellen dar. 
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Zusammenfassung / Summary 
Summary 
Calluna vulgaris (L.) Hull is an important ornamental crop for German and European horticul-
ture, and consumers focus primarily on the phenotype of the flowers. In contrast to the ‘wild-
type’ phenotype, the ‘bud-flowering’ types do not develop stamens and remain closed as 
buds. This phenomenon means that the plants maintain their colorful flowers, and hence re-
main attractive, into the winter months and therefore, the ‘bud-flowering’ type is regarded as 
the economically most significant flower type. For this reason, the ‘bud flowering’ trait has 
been the prominent breeding objective for this species for several decades. The most fre-
quently applied breeding methods of back-crossing and sport selection have led to geno-
types and varieties being increasingly phenotypically indifferentiable. This circumstance has 
in turn resulted in an increasing number of legal disputes on the issue of variety protection 
and derivation. 
Consequently, in the present work the existing diversity at the genome level was estimated 
as the foundation for further breeding projects using PCR-based ‘fingerprinting’ methods 
(RAPDs, ISSRs) for a scientifically and economically relevant selection of 74 C. vulgaris 
genotypes. A high level of similarity (> 0.74 Dice Index) was confirmed for the tested geno-
types. Furthermore, the applicability of a system to identify Essentially Derived Varieties was 
tested and successfully modified for the application in C. vulgaris. The creation of segregat-
ing back-crossing populations served to further clarify the assumed monogenic-recessive 
inheritance of the ‘bud-flowering’ trait. Molecular investigations into these populations were 
carried out with regard to establishing a marker-assisted selection system for this trait. Using 
‘bulked segregant analysis’, two trait-coupled DNA segments (RAPD) were identified which 
enabled the selection of ‘bud-flowering’ individuals in the initial population. Partial sequences 
of these fragments were identified, and formed the starting point of establishing SCAR- and 
SSCP-markers. With regard to the floral biology of ‘bud-flowering’ genotypes, knowledge 
regarding their flower organ identity and the cause of the loss of stamens was lacking to 
date. Thus, detailed microscopic, histological and molecular biological investigations into the 
normal and ‘bud-flowering’ phenotypes were carried out. These experiments indicated that 
with ‘bud-flowering’ plants, the petals are transformed into an additional whorl of petaloid 
sepals, while the anthers were not transformed into other organs, but are completely missing. 
Using RACE-PCR, it was possible to achieve partial sequence data for class B (AP3/DEF-
like) and class E (SEP1-like) MADS-box transcription factors. This data was used for quanti-
tative gene expression analyses in flower organs with qRT-PCR. Combined with the morpho-
logical results, the entirety of the molecular data gained forms the basis and prerequisite for 
further targeted breeding of this culture and, in particular, the ‘bud-flowering’ trait. 
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1. General foreword 
1. General foreword 
 
1.1. Summary of the project objectives 
 
The results described below mainly were part of the project “Grundlegende Unter-
suchungen zur Genetik und Züchtung von Knospenblühern bei Calluna vulgaris”, 
supported by grants from the German Federation of Industrial Research Associations 
(AiF, KP0172401BN5A, 01.08.2005 – 31.07.2007). In addition, elements of the work 
were conducted during the project “Nutzung neuer molekularer Methoden zur Ef-
fizienzsteigerung der Züchtung von Knospenblühern bei Calluna vulgaris L. (Hull.): 
ein interdisziplinärer Ansatz zur Stärkung von Innovationskraft und Wettbew-
erbsfähigkeit“, funded by the Federal Ministry of Food, Agriculture and Consumer 
Protection (BMELV, PGI-06.01-28-1-43.038-07, 01.03.2008 – 28.02.2011). 
 
In detail, the objectives of this thesis were 
(i) to investigate the available genetic diversity within C. vulgaris by applying 
PCR-based ‘fingerprinting’ methods for genotypes of actual interest with 
special regard to Essential Derivation, see Chapter 2.1., 
(ii) to develop an initial marker-assisted selection (MAS) system for the eco-
nomically most important trait of ‘bud-flowering’ as described in Chapter 
2.2. and finally 
(iii) to contribute to the initial clarification of the vague and unknown flower or-
gan identities, see Chapter 2.3. 
 
 
1.2. Introducing Calluna vulgaris (Ericaceae) 
 
Calluna vulgaris (L.) Hull (Taxonomy ID: 13385, Genbank common name: heather 
flower) is an evergreen, perennial shrub belonging to the asterids (core eudicotely-
dons) and it is the single species of this genus. The superior order Ericales com-
prises 24 other families including approx. 11,515 species (Stevens 2001) which 
range from arctic to alpine regions in both hemispheres (Hermann and Palser 2000) 
and therefore, this family is tolerant to varying climatic conditions (Dixon and Dutton 
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1987). Most of these are acid-loving woody plants (Kron 2008) and commonplace in 
moorlands in Europe (Figure 1A) while the plant family itself is common almost world-
wide (Figure 1B). A fewer number of the species of the related genus Erica is present 
in Europe, but these reside in a broader geographic range when compared to Africa. 
Especially in the southernmost regions of Africa, the largest number of species of this 
genus can be found (McGuire and Kron 2005). 
 
 
Figure 1: Distribution map of C. vulgaris (A, reproduced from UKHS) and the Ericaceae (B, repro-
duced from Stevens 2001). 
 
The denomination Calluna presumably has developed from ‘kallunein’ (to cleanse, 
Greek) in a time in which the branches of this agricultural crop were used as brooms 
(UKHS). Nowadays, C. vulgaris is primarily sold as a potted plant for graveyards or 
balcony planting and the shoots are also used by florists in decorative arrangements. 
Nevertheless, in Australia and New Zealand, C. vulgaris is classified and treated as a 
weed because of its threatening the domestic flora due to its ability to spread quickly 
(see, e.g. Roy et al. 2004). 
The key trade and industry data for this species are reported annually by the “Zen-
trale Markt- und Preisberichtsstelle” (ZMP). Since 1998, the production in Germany 
increased on average by 9.3% per year to more than 100 million plants in 2007. In 
contrast, roughly within the same timeframe (2000 – 2006), the relative market share 
of woody (ornamental) plants decreased from 17.5% to 15.9%. In 2007, C. vulgaris 
itself had a market value of approx. 120 Million EUR (~ 6% market share of the bal-
cony and bedding plants). Furthermore, C. vulgaris is one of the biggest export arti-
cles by the German ornamental sector and is mainly shipped to countries in Scandi-
navia (all data from ZMP, 2007). 
In Germany, C. vulgaris is produced in specialized horticultural companies since the 
production is time consuming (about 15-16 months are required from the first cuttings 
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to disposable plants) and both greenhouses and open-spaced areas are necessary 
during the different cultivation steps. In May, the first propagation of flowerless stem 
cuttings is conducted using stock plants that are cultivated in acidic soils (pH < 4.0). 
Usually in June and October of the same year, the plants are automatically pruned. 
Balanced fertilization is carried out weekly. Depending on the weather conditions in 
February of the following year, the amount of fertilizers is increased and in and 
around March, the young plants are pruned for the third time, immediately before pot-
ting. The potted plants are immediately transferred to open-spaced cultivation areas 
and typically are grown in 9-12 cm pots until May, when the fourth and last pruning 
takes place. Until sale in August / September, fertilization and plant protection efforts 
are decreased to a minimum that just maintains the plant’s health status. In order to 
suppress typical plant pathogens (e.g. Glomorella / Colletotrichum) waterlogging has 
to be avoided throughout the complete propagation process. C. vulgaris does not 
require high energy inputs during the cultivation procedure, i.e. frost-free greenhouse 
are sufficient throughout the winter months. 
 
Except for some studies of wild populations, see, e.g. Mahy et al. (1997), Mahy and 
Jacquemart (1998), Mahy et al. (1999), Meikle et al. (1999), Rendell and Ennos 
(2002) and a handful of database entries (only 11 nucleotide records, e.g. the partial 
sequence of the 18S rRNA gene, and four protein records are available in the NCBI 
(National Center for Biotechnology Information) database, checked: May 2009), no 
further molecular data is publicly available for C. vulgaris itself. Nevertheless, several 
research groups have focused on the phylogenetic classification of the order Eri-
cales, see, e.g. Anderberg (1992 and 1993), Kron et al. (1999), McGuire and Kron 
(2005), Schönenberger et al. (2005), Duangjai et al. (2006). These studies were ei-
ther conducted with morphological data e.g. pollen (Janssens 2005) or seed mor-
phology (Fagúndez and Izco 2004), partial molecular / sequence information e.g. 
from 28S rRNA (Cullings 1994), 18S rRNA (Kron 1996), or ITS (internal transcribed 
spacer) data (Geuten et al. 2004) or the combination of these types (e.g. Kron et al. 
2002). An overview of the phylogenetic relationship within the Ericaceae as well as 
the directly related species within the Ericeae is demonstrated in Figure 2 (next 
page). This strict consensus tree resulted from the combined analysis of molecular 
i.e. plastid (rbcL: large subunit of the ribulose-bisphosphate carboxylase, matK: matu-
rase within the trnK intron) and morphological characters (mainly of the flower) and is 
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mostly supported with high bootstrap values. Among the Ericeae, C. vulgaris (indi-
cated by arrow) forms a monophyletic group with Erica spp. (86% bootstrap probabil-
ity) and Daboecia cantabrica. The Ericeae are supported by 79%. 
 
Figure 2: Strict consensus of 96 trees found in the combined analysis of morphology, matK, and rbcL 
data for 59 taxa of Ericaceae. gaps scored as missing data, bootstrap values above lines. Rhodo = 
Rhododendron; Therorhod = Therorhodion; Vacc = Vaccinium (reproduced from Kron et al. 2002, 
Figure 7). 
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1.3. Breeding Calluna vulgaris 
 
1.3.1. The trait of interest: ‘bud-flowering’ 
The synoecious, symmetric flower of C. vulgaris consists of four colored leaves in 
each of the two outmost whorls, eight stamens in the third and four coadunate car-
pels in the fourth whorl. The economic importance of C. vulgaris for the horticultural 
business may be broken down to a simple but influential change of this described 
flower anatomy, the so-called ‘bud-flowering’ phenotype. Roughly 80% of the actual 
assortment of the economically relevant varieties is of this type which can be easily 
identified either by its lack of the male reproductive organs or more simply by the 
non-opening flowers i.e. by their remaining as closed bud in a stage prior to opening. 
Mature flowers of both the ‘wild-type’ and the ‘bud-flowering’ phenotype are shown in 
Figure 3. 
 
 
Figure 3: Shoots of C. vulgaris with mature flowers. Left: ‘wild-type’ variety ´White Mite´, right: ‘bud-
flowering’ variety ´Anneliese´ (reproduced from Borchert et al. (2008), Figure 1). 
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The first reference to the ‘bud-flowering’ phenotype remains unclear, but several 
internet-based sources (e.g. http://www.gardengirls.de/heidezuechtung/, checked: 
May 2009) name the town Golm (Brandenburg, Germany) as the place of its first ap-
pearance in 1903. However, in 1885, Thomé portrayed only the ‘wild-type’ (Stueber 
2007) but in 1935, three sub-forms of the ‘bud-flowering’ phenomenon were de-
scribed (McClintock 1986) that exhibited different anatomical features in comparison 
to the unaltered ‘wild-type’ (Table 1) and that were identified in nurseries in the UK. 
 
Table 1: Subforms of ‘bud-flowering’ in C. vulgaris and example varieties, descriptions cited from 
McClintock (1986). 
Subform Features in comparison to the ‘wild-type’ Example variety 
‘diplocalyx’ 
 eight instead of four sepals 
 no stamens, no corolla 
 deformed style 
´Marleen´ 
‘polysepala’ 
 similar to ‘diplocalyx’ i.e. no stamens 
 fatty flowers 
 more than eight sepals 
´Adrie´ 
‘clisthantes’ 
 normal amount of flower parts 
 flowers do not open 
 crouched and bent stigma 
´Visser´s Fancy´ 
 
Interestingly, the ‘clisthantes’ subform was not classified as having lost its stamens. 
By investigating the example varieties mentioned in Table 1 for the ‘polysepala’ and 
the ‘clisthantes’ type, we were not able to confirm the descriptions. For example, the 
variety ‘Visser´s Fancy’ as it was available to us did not develop stamens (data not 
shown) which deviates from the normal amount of flower organs. Furthermore, Heß 
(1990) described the ‘wild-type’ as displaying 4 – 5 leaves in each whorl. Since both, 
McClintock (1986) and Heß (1990), delivered no justifications for the assignment of 
the organ identities, the available descriptions remain rather vague. 
As an effect of the non-opening of the flower buds, the stigma of ‘bud-flowering’ phe-
notypes remains unpollinated throughout the whole reproduction season. In nature, 
insect pollination of spontaneous ‘bud-flowering’ mutants is therefore completely in-
hibited. Consequently, uncontrolled spreading of traits and especially of the ‘bud-
flowering’ trait itself is not possible. The closed buds of ‘bud-flowering’ phenotypes 
lead to prolonged flowering times i.e. to an extended conservation of flower colors in 
comparison to ‘wild-type’ individuals. Hence, this feature is the prime reason for the 
economic success of this phenotype since only a few other species are capable of 
maintaining their flower color throughout the winter i.e. at least until December. Con-
 15
1. General foreword 
sequently, it is a popular plant not only for consumer’s balcony in autumn but espe-
cially for graveyard plantings in winter. 
From the breeder’s point of view, ‘bud-flowering’ individuals are only applicable as 
pollen acceptors. Therefore, crossings are required that lead to the segregation of 
‘bud-flowering’ genotypes in their progenies. Practically, the ‘bud-flowering’ trait sig-
nificantly increases the manual labor that is required for the production of new varie-
ties since each flower has to be opened manually in order to pollinate the carpels.  
 
Breeding in C. vulgaris started approximately three decades ago. The first released 
variety was a white ‘bud-flowering’ type (CPV.4937 2007). Today, flower colors rang-
ing from white to dark ruby and foliage colors from dark green to lime have been in-
troduced to the market as a result of breeding efforts. In contrast, the natural color 
range of C. vulgaris flowers is limited to lilac and rose (Witt 1996). 
Due to the economical importance of the ‘bud-flowering’ type, breeding efforts in nor-
mal-flowering plants were significantly lower (CPV.4937 2007). Hence, only a small 
part of the currently protected varieties belong to the ‘wild-type’: only 60 of 307 varie-
ties of the German reference collection at the German Federal Plant Variety Office, 
Hannover, are of the normal flowering type (CPV.4937 2007). Nevertheless, actual 
filings for variety protection indicate an increase of new ‘wild-type’ flower phenotypes, 
but there is no evidence for the ‘bud-flowering’ type to be replaced by other interest-
ing anatomical features, e.g. filled or ‘multi-bracteate’ genotypes (Spellerberg, Fed-
eral Plant Variety Office, pers. comm.). Although increasing, overall filings for Plants 
Breeders’ Rights (PBR) on the European level for a woody species like C. vulgaris 
are low (33 or ~0.26%, respectively) in comparison to the total amount of 12,300 
grants (Mac Cárthaigh 2008). Today (checked: May 2009), 46 C. vulgaris varieties 
are granted Community Plant Variety Rights (CPVR) and 24 are still under proce-
dure. These resemble ~0.43% of 16,339 grants, respectively (CPVO 2009a). 
Normally, the breeding of woody plants is time-consuming due to a reduced devel-
opmental speed but the shrub C. vulgaris has a short juvenile phase and thereby of-
fers the chance of faster selection cycles in comparison to e.g. Rhododendron. Tradi-
tionally, breeding in C. vulgaris started off by the undemanding selection of sponta-
neous mutations within the plants at a nursery or in the wild (Mac Cárthaigh 2008). 
This selection breeding method was applied both to seedling populations and to indi-
vidual plants (e.g. for the selection of flower color sports). Today, selection by chance 
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is supplemented by classical cross-breeding which is of an increasing importance for 
the introduction of new varieties in C. vulgaris (Heidepflanzen de Winkel, pers. 
comm.; Mac Cárthaigh 2008). However, application documents of the German Fed-
eral Plant Variety Office may indicate that mutation breeding was a regularly applied 
breeding method in C. vulgaris, too. For example, the variety ‘Dark Beauty’ was iden-
tified after irradiation. 
 
C. vulgaris is the solitary species within its genus and thereby, inter-specific hybridi-
zations in order to expand the available gene pool are not possible. As described 
above, mutation selection and repeated backcrossing are the main breeding meth-
ods. In combination with continuing breeding for one common phenotype – ‘bud-
flowering’ – a decrease of the genetic diversity was expectable (Vosman et al. 2004). 
As a consequence of these facts, German courts have already been engaged in sev-
eral juridical incidents. 
Since studies of the genetic diversity in this species are only available for several wild 
populations (see above), scientific investigations of the genetic diversity of current 
and economically important genotypes were an essential task for breeding compa-
nies. The knowledge of the genetic distances of genotypes that are integrated into 
breeding programs is a crucial prerequisite for successful breeding. Such examina-
tion is either based on morphological traits or on data gained from molecular tools, 
e.g. isoenzyme or DNA analysis. Modifying influences e.g. environmental effects or 
post-translational alterations have led to a decreasing application of non-DNA-based 
methods over the last few years, both for diversity and marker research (see e.g., 
Staub et al. 1996a, Rout and Mohapatra 2006). In contrast, molecular tools benefit 
from their universal applicability and the fact that quite uncomplicated changes of the 
methodology permit access to different genomic regions (compare RAPDs (Ran-
domly Amplified Polymorphic DNAs) vs. ISSRs (Inter Simple Sequence Repeats) or 
AFLPs (Amplified Fragment Length Polymorphisms). 
The respective results of the identification of genetic diversity by RAPD- and ISSR-
’fingerprinting’ are described in Chapter 2.1. 
 
1.3.2. Variety protection in ornamental crops and C. vulgaris 
Since breeding is a time-consuming and budget-intensive procedure, the develop-
ment of a new variety may lead to enormous investments depending on the market 
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and the crop itself. For example, in maize, the development of a new hybrid requires 
15 years of breeding work and cash resources of up to US$ 5,000,000 (Troyer et al. 
2002). A comparable sum is not known for C. vulgaris but, according to CIOPORA 
(International community of breeders of asexually reproduced ornamental and fruit 
varieties) information and pers. comm. (Heidepflanzen de Winkel), German breeding 
companies spend approx. 10% of their annual turnover for breeding purposes. 
Therefore, a reliable and functional system for re-funding a breeder’s investments 
and protecting the breeder and his invention from illegal reproduction by competitors 
is required. Nowadays, such structures are available since protection can either be 
maintained by patent protection (PP, in the USA) or by plant variety protection (PVP, 
in the European Union and other UPOV (International Union for the Protection of 
New Varieties of Plants) member states, respectively). Both types of intellectual 
property (IP) rights are used to counterbalance public i.e. research and private i.e. 
commercial interests.  
The UPOV conventions are applied in its 67 member states (as at May 12, 2009). 
The UPOV is a union of countries that focuses on the synchronization of PVP sys-
tems. Their primary system for PVP was initially established at the Diplomatic Con-
ference in Paris on December 2, 1961 and is well-known as the ‘UPOV Act of Con-
vention’. Until now, it was amended in 1972, 1978 and 1991. The most important 
amendment in 1978 included the introduction of the ‘Breeder’s Exemption’ which led 
to the possibility of the legal use of a protected variety in breeding programs by oth-
ers without the requirement for authorization by the initial breeder. This exception 
included experimental purposes, too. In 1991, the concept of ‘Essential Derivation’ 
i.e. the definition of an Essentially Derived Variety (EDV) was incorporated into the 
Act in order to prevent plagiarism. With the acceptance of those concerned i.e. the 
breeders, the determination of an Essential Derivation was left open to themselves. 
Both additions were an essential prerequisite for maintaining future breeding efforts 
lucrative and thus promoting the introduction of new varieties. 
Proving the EDV-criteria can be achieved either by phenotypic comparative testing 
i.e. the investigations for Distinctness, Uniformity and Stability (DUS testing) as intro-
duced and established by the UPOV; or, moreover, distinctness can be assessed on 
the genetic level using molecular methods. With both techniques, phenotypic as well 
as molecular, dissimilarity is more easily verifiable than similarity since most of the 
available procedures acquire (random) sample subsets and leave behind a non-
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investigated area differing in its size. In contrast, to proof exact identity between two 
organisms on the molecular level and thereby excluding the chance and probability 
for errors would mean sequencing the complete genome. Even then, the occurrence 
of e.g. SNPs (Single Nucleotide Polymorphisms) would complicate the analysis. To-
day, this is not an appropriate option for most species and most cases due to the cost 
factor. 
 
On the basis of the UPOV definition of a variety (‘a variety is a plant grouping within a 
single botanical taxon of the lowest known rank’), testing systems for different spe-
cies were developed. For C. vulgaris, the guideline for DUS testing includes 22 char-
acteristics which are acknowledged to discriminate between varieties (Table 2). 
 
Table 2: Key characteristics for DUS testing in C. vulgaris (L.) Hull / Ling / Scots Heather according to 
CPVO (2009b). Characteristics no. 16 – 19 refer only to the ‘wild-type’, characteristics 20 – 21 refer 
only to ‘bud-flowering’ phenotypes, respectively. RHS = Royal Horticultural Society. 
CPVO No. Plant Part Characteristic Categories 
1 Growth habit 4 
2 Density 3 
3 
Plant 
Height 3 
4 anthocyanin coloration (during winter) 5 
5 Color of new growth 12 
6 
Shoot tip 
anthocyanin coloration 
(in middle of summer) 5 
7 Shoot Color on sunny side 10 
8 Leaf Color 12 
9 Length of current season’s growth 3 
10 Color 5 
11 
Flowering shoot Color of tip 
(at beginning of flowering) 6 
12 Inflorescence Density of flowers 3 
13 Opening of bud 2 
14 Type 2 
15 Size 3 
16 Calyx : Corolla (length) 3 
17 Color of outer side of sepal RHS 
18 Color of outer side of petal (at beginning of flowering) RHS 
19 Color of outer side of petal (at the end of flowering) RHS 
20 Main color (at beginning of flowering) RHS 
21 Main color (at the end of flowering) RHS 
22 
Flower 
Time of beginning of flowering 5 
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Since these DUS testings are still and solely based on phenotypic classifications and 
are thereby prone to environmental and personal influences (of the tester) i.e. errors, 
the increasing demand for molecular-based assays to assist and supplement the ap-
plication procedure for PBR or to completely substitute phenotype-based assays has 
been noticeable for several years (see, e.g. Staub et al. 1996b). Recently, the Com-
munity Plant Variety Office (CPVO) itself successfully conducted a study to evaluate 
the suitability of isoenzyme characteristics for integration into C. vulgaris DUS testing 
as both, a rising amount of declared varieties and the subsequent decrease in phe-
notypic differences due to the breeding methods applied, led to increasing efforts in 
morphological DUS testing (CPV.4937 2007). 
Regarding the insights gained from the research into the genetic diversity in C. vul-
garis, the initial project plan was belatedly expanded to additionally cover up the cur-
rently increasing and important field of EDV conflicts. The results were included in 
Chapter 2.1. 
 
1.3.3. Marker-Assisted Selection for the ‘bud-flowering’ trait 
As an outcome of crossing experiments at the former Institute for Ornamental Plant 
Breeding of the Federal Centre for Breeding Research on Cultivated Plants, Ahrens-
burg, Germany as well as by the cooperating breeder (pers. comm.), the inheritance 
of the ‘bud-flowering’ trait is assumed to be monogenic-recessive. These crossings 
revealed the segregation of C. vulgaris progenies in accordance to the 1st and 2nd 
Mendelian law (law of uniformity and law of segregation): if the female parent (the 
‘bud-flowering’ phenotype) is crossed with a ‘wild-type’ plant as pollen donor, all indi-
viduals of the resulting F1 population flower completely normal i.e. they resemble the 
‘wild-type’. Backcrossing the former ‘bud-flowering’ parent with an F1 individual, BC1 
progenies segregate in phenotype approx. 1:1 regarding the trait of interest as ex-
pected for monogenic traits. At the Leibniz-Institute of Vegetables and Ornamental 
Crops, Erfurt, Germany, (IGZ) these segregation ratios could be partially (i.e. for 
some genotype combinations) reproduced. But, supposedly and as segregation ra-
tios indicate, there still exist other additional factors influencing the segregation since 
a number of progenies displayed differing ratios, e.g. of up to 1:33 regarding the 
‘bud-flowering’:‘wild-type’ ratio (see Table 3 of Chapter 2.2.1.). If these differing ratios 
are based on environmental influences, on a lower fitness of seedlings of one of the 
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flower types or on genetic conditions i.e. unknown crossing incompatibilities between 
individual varieties and / or modifying background genes, still remains unclear. 
MAS towards the monogenic-recessive inherited ‘bud-flowering’ type may be estab-
lished by applying ‘bulked segregant analysis’ (BSA, Michelmore et al. 1991). Breed-
ers would benefit financially from a MAS system since the usual time line for the pro-
duction of ‘bud-flowering’ progenies includes at least two crossing steps. Applying 
MAS, earlier selection steps could be achieved and in addition, several rating dates 
could be spared.  
MAS systems for phenotypic traits are not frequently applied to ornamental crops 
(Rout and Mohapatra 2006, Byrne 2007). Instead, the first markers developed for 
ornamentals or fruits were of the resistance type e.g. Yang and Kruger (1994) in 
Malus floribunda. Until now, functional markers for flower architecture i.e. phenotypic 
traits developed for ornamentals are known e.g. in carnations (Dianthus caryophyllus, 
Scovel et al. 1998). These authors developed a marker system that discriminates the 
economically important ‘semi-double’ and ‘double’ flower types. In Rosa hybrida, De-
bener and Mattiesch (1999) mapped genes for the petal number and flower color. 
Cheghamirza et al. (2002) inter alia identified RAPD markers for flower and seed 
color in pea (Pisum sativum) by BSA. Other examples are the discovery of markers 
for homostyly in buckwheat (Fagopyrum esculentum, Aii et al. 1998) or the detection 
of a marker for male-sterility in apricots (Prunus armeniaca, Badenes et al. 2000). 
The results of the establishment of a molecular marker linked to the ‘bud-flowering’ 
phenotype in C. vulgaris using BSA by RAPD-, SCAR- (Sequence Characterized 
Amplified Regions) and SSCP- (Single Strand Conformation Polymorphism) PCR are 
described in Chapter 2.2. 
 
1.3.4. Common molecular features of the flower 
The biological consequences for a plant missing the male reproduction organs are 
manifold: most simply, the genotypes are male sterile. In addition, the process of 
flower opening may be affected. This procedure, according to van Doorn and van 
Meeteren (2003), is either based on cell contraction and elongation or on different 
growth rates on two opposing sites on the flower. As shown for A. thaliana and other 
species (see, e.g. Ishiguro et al. 2001), the water transport into stamens and petals 
regulated by jasmonic acid is one fundamental possibility of inducing flower opening, 
since the water uptake leads to elongation of these organs and thereby, the petals 
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press on the sepals and the flower opens. These results were obtained using DAD1-
mutants (DEFECTIVE IN ANTHER DEHISCENCE1, Ishiguro et al. 2001), for which 
the authors could restore the normal flower opening procedure by exogenous appli-
cation of jasmonic acids on flower buds of mutant genotypes. DAD1 plants carry a 
sporophytic mutation that inhibits anther dehiscence and production of viable pollen 
grains; DAD1 is assumed to be involved in the production of jasmonic acid. In con-
trast, C. vulgaris exhibits a total loss of stamens which is a crucial difference to 
DAD1-mutants in that it resembles the complete loss of one of the two main transport 
routes of this phytohormone and water, respectively. Thus, the water uptake and the 
subsequent elongation of petals, which is induced by the elongation of stamens, is 
assumed to be less effective in ‘bud-flowering’ than in ‘wild-type’ phenotypes. How-
ever, a complete restoration of flower opening in ‘bud-flowering’ individuals by ex-
ogenous application of phytohormones is not desired. 
 
Flowers of angiosperms consist of four organ types, which can be separated into the 
perianth (whorl I: sepals, whorl II: petals), the androeceum (whorl III: stamens) and 
the gynoeceum (whorl IV: carpels). Flower organ identity is defined by whorl-specific 
expression of homeotic genes according to the so-called ABC-model that was initially 
introduced by Coen and Meyerowitz (1991) resulting from studies with Arabidopsis 
and Antirrhinum mutants. Within this original model, the terms A, B and C were used 
to simultaneously denominate four different subjects: areas of the floral meristem, 
classes of homeotic mutants, of regulatory functions and of floral homeotic genes 
(Theissen 2001). For a comprehensive review of molecular explanations (‘floral quar-
tet’-model) of the genetic ‘ABC+DE’-model, see e.g. Theissen (2001) or Theissen 
and Melzer (2007). 
The homeotic genes specify the organ identity of each whorl by activating so-called 
‘realizator genes’ (Theissen et al. 2000) and therefore have to be classified as tran-
scription factors. They commonly belong to the MIKC-type (MADS – intervening – 
keratin-like – C-terminal - domain) proteins and include the conserved and name-
giving MADS (MCM1, Agamous, Deficiens, Serum Response Factor) domain. As 
shown in Figure 4 (next page), A-function genes are required for sepal formation in 
whorl I, simultaneous expression of A- und B-function genes is required for petal for-
mation in whorl II and synchronized expression of B- and C-genes is essential for 
stamen development. C-genes alone lead to the formation of carpels and expression 
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of D-genes is required for ovule formation. Class E genes are invariably necessary 
for proper organ development in all whorls since their protein products are essentially 
required for the formation of the multimeric DNA binding structures (Theissen and 
Saedler 2001) that activate the ‘realizator genes’. These findings led to the formula-
tion of the ‘floral quartet’-model and to the assigning of tetrameric protein structures 
to each homeotic function (Figure 4 top). According to this model, shifts in the flower 
organ composition are usually followed by adaptations in other whorls i.e. an in-
crease of the amount of organs in the affected whorl since these homeotic functions 
are mutually antagonistic. This means, for example, that in class C mutants (i.e. mu-
tants lacking the expression of class C genes), the A function will ‘expand’ to the two 
innermost whorls and lead to an alternating and repetitive development of sepals – 
petals – petals – sepals (whorls 1 to 4). 
 
 
Figure 4: The genetic ABC+DE model and the quartet model. The ABC model states that A-function 
genes, such as AP1 in Arabidopsis, are necessary for the formation of the sepals, B-function genes, 
which include AP3 and PI in Arabidopsis, along with A-function genes, are necessary for the formation 
of the petals and B-function, along with C-function genes, which in Arabidopsis includes AG, are nec-
essary for the formation of the stamens, and C-function genes alone are necessary for the formation of 
the carpels. This has been expanded to include class D- and E-function genes, which are necessary 
for the ovules and whorls of the flower, respectively. D-function genes in Arabidopsis include SEED-
STICK (STK) and SHATTERPROOF1 and SHATTERPROOF2 (SHP1, SHP2). E function sensu lato 
requires at least one of the four SEPALLATA (SEP1, SEP2, SEP3, and SEP4) genes. The floral quar-
tet model expands on this idea using data from protein interaction studies (Theissen 2001; Theissen 
and Saedler 2001). In this figure the hypothesized quartets, based on experimentally determined 
dimeric or multimeric protein interactions, necessary for each floral organ are presented (reproduced 
from Zahn et al. 2005, Figure 2). 
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However, the molecular basics for the occurrence of the ‘bud-flowering’ trait in C. 
vulgaris are unknown. In addition, further flower types, e.g. filled flowers or ‘multi-
bracteate’ inflorescences, are well-known. Their development remains unclear due to 
non-available or dissatisfactory descriptions of the organs (see above) and the mar-
ginal availability of molecular data, too. Therefore, basic examination of the flower 
organ identity of C. vulgaris was desired. 
The results regarding MADS-box gene identification, expression analysis and macro-
scopic organ classification of flower organs in C. vulgaris are described in Chapter 
2.3. 
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The following Chapter includes the peer-reviewed publications and the submitted 
manuscript that are related to the three main topics of this thesis: estimation of ge-
netic diversity and essential derivation (Chapter 2.1.), establishment of a molecular 
marker (Chapter 2.2.) and flower organ identity (Chapter 2.3.). 
 
The manuscript Implementation of a model for identifying Essentially Derived 
Varieties in vegetatively propagated Calluna vulgaris varieties was published in 
BMC Genetics (doi: 10.1186/1471-2156-9-56). The document itself and the additional 
files can be accessed online at http://www.biomedcentral.com/1471-2156/9/56. 
 
The manuscript Identification of molecular markers for the flower type in the or-
namental crop Calluna vulgaris was published in Euphytica (doi: 10.1007/s10681-
009-9926-3). According to the Copyright Transfer Statement of Springer Sci-
ence+Business Media B.V., an author-created version i.e. the last revised document 
(final revision of March 9, 2009) is included within this thesis instead of the final pub-
lisher’s PDF-document. This procedure is approved by Springer Science+Business 
Media B.V. (a written permission is existent). For subscribers, the original publication 
in its final version is available at http://www.springerlink.com. 
 
The manuscript ’Who’s who’ in different flower types of Calluna vulgaris (Erica-
ceae): morphological and molecular analyses of flower organ identity was sub-
mitted to BMC Plant Biology (http://www.biomedcentral.com/bmcplantbiol) as at May 
26, 2009. The submitted document is included in Chapter 2.3. 
Remark: as at July 10, 2009, the manuscript was accepted for publication in principle 
(revision requested). 
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2.1. Genetic Diversity & Essential Derivation 
2.1.1. Annex I: Genetic Diversity 
Due to the clustering of genotypes above a genetic similarity value of ~ 0.74%, only 
few statistically supported subgroups with relevance for the breeding of C. vulgaris 
were identifiable within the dendrogram (compare Figure 2, Borchert et al. 2008). 
Only the three Erica spp. and the wild-types from San Remo and Ruhla were clearly 
recognizable as distinct outgroups. 
Thus, alternative modes of data presentation e.g. of genetic distance / similarity val-
ues are required, e.g. two- or three-dimensional patterns resulting from Principal 
Component Analysis (PCA) which may allow the extraction of additional informative 
data. Due to the high genetic identities, the three-dimensional plot is barely interpret-
able (data not shown) Thus, Figure 5 resulted from the transformation of the original 
distance matrix used for dendrogram construction into only two units-less dimensions 
by application of the Pearson coefficient (NTSYSpc). 
 
 
Figure 5: two-dimensional PCA of the C. vulgaris RAPD- and ISSR-dataset, formerly used for 
dendrogram construction. Coefficient: Pearson product-moment correlation (NTSYSpc) Erica spp.: 
E. carnea, E. tetralix; wild-types I: Ruhla, San Remo; wild-types II: Löhnstein, Niederohe, Tiefenthal 
(Lüneburger Heide) 
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Likewise to the dendrogram, the included C. vulgaris genotypes cluster once again. 
The set ‘wild-types I’ comprises Ruhla and San Remo, genotypes that were collected 
in Thuringia, Germany and near San Remo, Italy, respectively. The ‘wild-type II’ 
group includes three genotypes from the Lüneburger Heide: Löhnstein, Niederohe 
and Tiefenthal. The Erica spp. outgroup is characteristically separated from all other 
genotypes. 
In addition, a crossing progeny resulting from a cross of parent varieties that are in-
cluded within this analysis is visibly separated from the C. vulgaris cluster. This is 
contradictory to the original dendrogram, in which this distinct individual is grouped 
near other progenies of the same crossing. In addition, other dyads that were moder-
ately supported by bootstrapping in the dendrogram are no longer arranged together 
after PCA. Furthermore, the single variety from the USA cannot be distinguished from 
other regional i.e. European subgroups. 
Thus, the transformation of the data set by PCA did not result in a considerable in-
crease of data resolution. 
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2.1.2. Annex II: Essential Derivation 
Since the date of publication of this manuscript, several more variety pairs in question 
were tested according to the method initially described by Eeuwijk and Law (2004) 
and adapted to C. vulgaris as illustrated in Borchert et al. (2008). 
Figure 6 shows several test sets of two independent back-crossing populations. For 
each population, the ‘bud-flowering’ and the ‘wild-type’ parent was tested vs. the F1 
genotype used for back-crossing. In addition, two randomly chosen individuals from 
the back-crossing population were tested vs. each of the ‘bud-flowering’ and the 
‘wild-type’ parent. As a result and in accordance to the sets used for proof-of-
concept, all sets of these samples were classified as non-ED-cases, since their mean 
values (including the error bars) were either below or within the threshold and its er-
ror margin. 
 
 
Figure 6: Identifying essential derivation in C. vulgaris III. Randomly selected individuals of two 
independent back-crossing populations, the parents of the crossing and the associated F1 individuals 
were tested according to Borchert et al. (2008). bf: ‘bud-flowering’ parent; wt: ‘wild-type’ parent; F1(x): 
individual of the F1 population used for back-crossing, x: internal number; back-crossing individuals 
are described by ‘x_y’, referring to an internal crossing number x and the consecutive individual num-
ber y; black, filled measurements: proof-of-concept sets as described in Borchert et al. (2008). 
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Figure 7 presents additional results of variety test sets, either of known EDV-cases or 
known non-EDV-cases. For almost all samples, the expectation was verified by the 
EDV test system. On the one hand, the means of known EDV-cases were located 
above the threshold lacking overlapping error bars. In contrast, the means of the test 
sets selected to represent known non-EDV-cases were positioned in the same area 
similar to the back-crossing test sets (Figure 6) and therefore have to be esteemed to 
be not essentially derived. 
The test set ‘Fritz Kircher’ vs. ‘Minna Kircher’ resulted in overlapping error bars of the 
test set and the threshold. This case was included as ‘known EDV’ due to pers. 
comm. (Heidepflanzen de Winkel). Therefore, our results do not allow a definite 
status assignment for this variety pair. 
 
 
Figure 7: Identifying essential derivation in C. vulgaris IV. Known EDV-cases (identified from offi-
cial documents, websites or pers. comm.) and known non-EDV-cases (as known from official docu-
ments) were tested according to Borchert et al. (2008). Black, filled measurements: proof-of-concept 
sets as described in Borchert et al. (2008). 
 
Nevertheless, these additional results furthermore support the system of Eeuwijk and 
Law (2004) to be applicable to C. vulgaris, since progenies resulting from ‘true breed-
ing’ i.e. backcrossing are distinguishable from EDVs. 
2.2. Molecular Marker 
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ABSTRACT 
The establishment of a marker-assisted selection system for the economically important ‘bud-flowering’ pheno-
type in the ornamental crop Calluna vulgaris is of great interest to practical breeding companies, as it would 
allow selection at the juvenile stage. 
Segregation analyses revealed a monogenic recessive inheritance of the bud flowering trait. Since in C. vulgaris 
only sparse molecular data are available, the search for molecular markers in a segregating backcross progeny 
was accomplished using PCR techniques based on random primers. Two candidate RAPD markers in coupling 
of the trait of interest were identified. Results on their applicability in different populations and independent 
varieties are presented. Their transformation capability to sequence characterized amplified region and single 
strand conformation polymorphism markers are described and discussed in the context of marker-assisted selec-
tion strategies in breeding of ornamental crops. 
 
 
KEYWORDS: 
- Ericaceae 
- bulked segregant analysis 
- marker-assisted selection 
- ISSR 
- RAPD 
- PCR-SSCP 
 
 
ABBREVIATIONS: 
AFLP – amplified fragment length polymorphism 
BLAST – basic local alignment search tool 
BSA – bulked segregant analysis 
CAPS – cleaved amplified polymorphic site 
df – degree of freedom 
EDV – essentially derived variety 
ISSR – inter simple sequence repeat 
MAS – marker-assisted selection 
ORF – open reading frame 
PAGE – polyacrylamide gel electrophoresis 
RAPD – randomly amplified polymorphic DNA 
RFLP – restriction fragment length polymorphism 
SCAR – sequence characterized amplified region 
SSCP – single strand conformational polymorphism 
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INTRODUCTION 
Calluna vulgaris L. (Hull.) belongs to the Ericaceae family, and is the only species of this genus. It is an ever-
green shrub common to Europe, South Africa and North America. The so-called ‘bud-flowering’ type (Fig. 1) is 
most important from an economic perspective. This phenotype is completely lacking stamens, which is assumed 
to be the reason why the flowers do not open, as reported for mutants of A. thaliana that have only poorly devel-
oped stamens (Ishiguro et al. 2001). This mutation in flower morphology causes a remarkable elongation of the 
flowering time compared to wild type genotypes, which makes C. vulgaris an attractive alternative to Erica 
gracilis as a bedding plant in autumn. Consequently, the economic importance of C. vulgaris has steadily in-
creased lasting recent years. In Germany, C. vulgaris has a market volume of approx. 120 million EUR, and is 
third placed on the top ten selling list of the balcony and bedding plants in Germany (ZMP 2007). 
Based on previous knowledge from crossing experiments, the ‘bud-flowering’ trait is assumed to be inherited in 
a Mendelian fashion as a monogenic and recessive trait. F1 populations resulting from a crossing of a ‘bud-
flowering’ genotype as the mother and a ‘normal-flowering’ genotype as the father only consist of ‘normal-
flowering’ plants. Backcrossing an F1 individual with the recessive, ‘bud-flowering’ parent results in segregation 
ratios of approximately 1 : 1 for the flower type in the backcross populations. C. vulgaris only flowers once a 
year in autumn from August to September, depending on the variety. The juvenile phase until flowering lasts 
approximately 4-6 months. For this reason, the breeding process in C. vulgaris, as described above, takes at least 
2.5 years from the first crossing until the flowering of BC1 individuals and the first possibility to identify and 
select ‘bud-flowering’ genotypes. In addition, ‘bud-flowering’ genotypes cannot be used as male parents, since 
they do not possess stamens, further restricting breeding possibilities. 
Since selection for the flowering trait cannot be performed before the backcross individuals flower, all progenies 
have to be grown until flowering, which is expensive and time-consuming for breeding companies. The introduc-
tion of a marker-assisted selection (MAS) system in C. vulgaris that already allows selection for the ‘bud-
flowering’ trait in the juvenile phase is therefore a promising approach. Since no sequence data are available in 
C. vulgaris to date, we chose the non-sequence-based marker systems of RAPDs (Randomly Amplified Poly-
morphic DNA, Williams et al. 1990, Welsh and McClelland 1990) and ISSRs (Inter Simple Sequence Repeats, 
Zietkiewicz et al. 1994) for the initial establishment of the MAS. In addition, RAPDs and ISSRs are easily estab-
lished and facilitate the detection of polymorphisms with efficiency comparable to that of AFLPs (Amplified 
Fragment Length Polymorphisms, Powell et al. 1996). 
Based on a segregating BC1 population with 68 individuals, we developed two RAPD markers, which were addi-
tionally tested in independent cultivars and a different backcross population. Transformability into SCAR (se-
quence characterized amplified regions) and SSCP (single strand conformation polymorphism) markers was 
assessed.  
The results presented here were obtained in the course of a joint project by the IGZ and a German breeding com-
pany (Heidepflanzen Peter de Winkel, www.dewinkel.de), funded by the BMWi (Federal Ministry of Economics 
and Technology). Thus, primer sequences are either ciphered or not named at all, respecting the economic inter-
ests of the funding breeding company. 
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MATERIALS AND METHODS 
Plant material 
The individual plants involved in primer screening were derived from the population ciphered by BC1(i). This 
population results from a backcross of the varieties ´Melanie´ and ´Roter Oktober´ and comprises 40 ‘normal-
flowering’ and 28 ‘bud-flowering’ genotypes, corresponding to a segregation ratio of 1 : 1.4. Population BC1(ii), 
segregating 1 : 1.1 (62 ‘normal-flowering’ and 57 ‘bud-flowering’ individuals), was used for marker testing and 
results from a backcross between ‘Maria’ and ‘Boskoop’. In order to assess the mode of inheritance, further 
populations were created: BC1(iii) is a backcross of the varieties ´Anette´ and ´Roter Oktober´, and BC1(iv) re-
sults from backcrossing ´Mariella´ and ´Boskoop´. Segregation ratios were tested against the anticipated segrega-
tion ratio for a monogenic-recessive inheritance using a Χ2 goodness-of-fit test. 
 
Isolation of genomic DNA 
Genomic DNA of C. vulgaris genotypes was isolated by applying a modified CTAB protocol adapted from Ko-
bayashi et al. (1998). This protocol and its modifications are described in detail in Borchert et al. (2008). 
 
PCR amplification and standard electrophoresis 
Amplifications of RAPD fragments generated from random decamer primers (Carl Roth GmbH) were performed 
in a Primus 96 advanced thermocycler (peqlab GmbH) using the following protocol: 5 min at 95°C, [1 min at 
95°C, 1 min at 35°C, 1 min at 72°C]35X, 10 min at 72°C. The reaction mixture for a total volume of 25 µl con-
tained 1X reaction buffer, 2.5 mM MgCl2, 1 U Taq.-DNA Polymerase (recombinant, Invitrogen), 0.2 mM of 
each dNTP (Invitrogen), 0.5 µM primer (Carl Roth GmbH, MWG Biotech AG), 10 ng genomic DNA and the 
adequate amount of sterile deionized H2O. Electrophoretic separation of the amplification products was per-
formed in 1.5% agarose gels, which contained ethidium bromide for the visualization of fragments at 254 nm. 
Documentation was carried out with a digital imaging system (Biostep GmbH). PCR using ISSR primers that 
refer to common di- and trinucleotide motifs in plants, e.g. (AC/TG)n (Wolfe et al. 1998), and SCAR primer 
combinations were conducted with adapted annealing temperatures. All other conditions were kept identical. 
 
Bulked segregant analysis 
Bulked segregant analysis (BSA) was carried out as initially described by Michelmore et al. (1991). Two DNA 
bulks of phenotypically defined individuals (‘normal-flowering’ and ‘bud-flowering’) were created from the 
backcross population BC1(i) and PCR-screened with RAPD and ISSR primers. Primers that led to polymorphic 
fragments between both pools were tested using the single plants of the BC1(i) population. 
 
Fragment sequencing & primer design 
Polymorphic DNA fragments resulting from amplification with 10 bp primers were excised and extracted from 
the gel using the original protocol of the Avgene Gel/PCR DNA Fragments Extraction Kit. These fragments 
were controlled for size consistency with gel electrophoresis and subsequently cloned using the original protocol 
from the Promega pGEM®-T Easy Vector Systems Kit (0.5 volumes of each component). Due to the low frag-
ment concentration a ratio of 1:3 for vector : insert was applied. Positive clones were identified by standard 
blue/white screening on LB/Amp/IPTG/X-Gal plates. Sequencing reactions were performed by MWG Eurofins 
AG, Martinsried. 
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Using these sequences, SCAR primers were designed using the Primer3Plus design tool (Untergasser et al. 2007) 
and checked for consistency using the Sequence Manipulation Suite (Stothard 2000). 
 
Single Strand Conformation Polymorphism (PCR-SSCP) 
PCR samples i.e. SCAR fragments were separated on polyacrylamide gels. The gels were run at 18°C for 8 - 14 
hours in 0.6X TBE buffer on a Li-Cor 4300 DNA Analyzer using standard AFLP plates, 0.25 mm spacers and 
240 V, 20 mA, 2W. 20 ml of a 0.5X SSCP gel (1.2 ml Tris-borate-EDTA-buffer, 12 ml H2O, 5 ml MDE Solu-
tion (mutation detection enhancement, Biozym), 1.7 ml 60% glycerine, 100 µL 10% ammoniumpersulfate and 
12.5 µL N,N,N',N'-tetramethylethylenediamine) was poured between the glass plates, and hardened over night. 
An equal volume of loading dye (95% formamide, 0.01 M NaOH, 0.25% xylencyanole, 0.25% bromphenolblue) 
was added to each PCR sample, and the mixture was denatured for 5 min at 95°C directly prior loading onto the 
gel. The gels were silver-stained (45 min fixing: 7.5% acetic acid in H2O; 2x 5 min washing in H2O; 45 min 
staining: 1 g/L silver nitrate, 1.5 ml/L formaldehyde; 1x 5 min washing in H2O; development for 2x 5 min in 
pre-cooled (4°C) developing solution: 30 g/L sodium carbonate, 1.5 ml formaldehyde, 1.6 mg sodium thiosul-
fate; stopping the reaction for 3 min in fixing solution; 5 min washing in H2O). Image collection was conducted 
by scanning the gels at 360 dpi (Epson Perfection Scanner). 
 
 
RESULTS 
In order to identify the mode of inheritance of the trait of interest (‘bud-flowering’), four different back-crossing 
populations were analyzed regarding their segregation ratios. The results are presented in Table 1. The deviation 
from the expected 1 : 1 segregation ratio was not statistically significant in three of the four tested BC1 popula-
tions (df = 1, α = 0.05). The population BC1(iii) showed a deviating segregation ratio presumably due to its low 
total amount of individuals. Thus, the anticipated monogenic-recessive inheritance of the ‘bud-flowering’ trait 
was not disproved. 
For identification of molecular markers, a BSA (Michelmore et al. 1991) was applied to screen the segregating 
population BC1(i). The DNA of ‘normal’ and ‘bud-flowering’ individuals of this population were pooled and 
subsequently screened for polymorphisms with 120 10 bp primers and 10 14-20 bp ISSR primers. Due to a loss 
of plants, only 15 (out of originally 40) ‘normal-flowering’ individuals could be tested, but all 28 ‘bud-
flowering’ were available for screening purposes. 
With this approach, two polymorphisms amplified by two different RAPD primers were identified. Both poly-
morphic fragments were amplified in DNA samples from ‘normal-flowering’, not from ‘bud-flowering’ geno-
types. In contrast, all amplification products of the tested ISSR primers were monomorphic. From this point 
onwards, fragments, i.e. PCR-products derived from the RAPD primers, are described as ‘A-marker’ and ‘B-
marker’, respectively. The A-marker can easily be identified due to its size of ~ 2.5 kb (Fig. 2). In contrast, it is 
more difficult to determine the B-marker (~ 1.2 kb) since the majority of ´negative´ individuals either display a 
fragment of only ~ 30 bp less than the marker. We therefore assume the A-marker to be of higher practical im-
pact. By evaluating the single plants from test population BC1(i), we confirmed that only one ‘bud-flowering’ 
genotype (2.3% of the total 43 genotypes) displayed the A-marker, thus representing a recombinant plant. No 
‘bud-flowering’ genotype exhibited the B-marker and all ‘normal-flowering’ individuals were positive for both 
the A- and the B-marker. 
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In addition, we checked the amplification of both RAPD markers in 49 randomly selected C. vulgaris varieties, 
including wild-type genotypes, of which a total of 25 were of the ‘normal’ and 24 of the ‘bud-flowering’ pheno-
type (Table 2A, 2B). A coincidental distribution was observed here, since approx. 50% of the ‘normal-flowering’ 
varieties amplified both markers. Regarding the ‘bud-flowering’ varieties, only four of these (16.7%) amplified 
the A-marker, whereas nine (37.5%) amplified the B-marker. As expected, it was more difficult to analyze the B-
marker than the A-marker. Therefore, using standard 1.5% agarose gels, false positive scoring results cannot be 
completely excluded in the case of the B-marker. Additionally, the A-marker was checked for its amplification 
in the backcross population BC1(ii), which consists of 119 individuals. For this experiment, 49 individuals each 
of the ‘normal’ and the ’bud-flowering’ type, respectively, were randomly chosen. However, only three ‘normal-
flowering’ (6.1%) and two ‘bud-flowering’ (4.1%) individuals amplified the marker fragment. Both RAPD 
markers are therefore only functional within the initial backcross population in which they were originally de-
tected. 
To improve the marker quality i.e. to eliminate unspecific and irrelevant fragments from the PCR process, we 
attempted to convert the RAPD markers to Sequence Characterized Amplified Region (SCAR) markers. Both 
marker fragments were extracted from the gel (Fig. 3), cloned and sequenced. Two differing sequences were 
identified for clones of the B-marker, which may be the result of sequencing the two nearby fragments described 
above. One consensus alignment was identified for the A-marker, which includes the 5’-flanking RAPD binding 
site. BLASTX search (Basic Local Alignment Search Tool, Altschul et al. 1997) for the A-marker revealed the 
inclusion of two Open Reading Frames (ORFs), the first being 210 and the second 119 amino acids in length. 
The 210 amino acid ORF encoded a highly conserved Zn-Finger domain. These specialized types of Zn-fingers 
are assumed to be involved in mediating protein-protein interactions (see, e.g. Freemont 1993). The 119 amino 
acid ORF included the sequence of an NADH dehydrogenase I. One of the sequences for the B-marker included 
an ORF of 226 amino acids. However, no putative function could be attributed to this ORF. In summary, the 
three ORFs do not seem to be related to the trait of interest of this study. 
Based on these sequences, 16 different 20 to 27 bp SCAR primers were designed to amplify fragments between 
0.4 and 1.1 kb in length using the Primer3Plus tool. For both RAPD markers, the DNA bulks and the individual 
plants of the original test population BC1(i) all displayed the SCAR fragment with the appropriate length. Thus, 
the original RAPD polymorphism was lost, as expected for SCAR markers that are amplified with primers 
nested within the original RAPD fragment. Interestingly, this was also the case when one primer covered the 5’-
RAPD binding site of the A-marker. 
The detection of a new polymorphism within the now monomorphic SCAR marker is an essential prerequisite 
for further practical applications of these markers. As one of several possible approaches, we chose to investigate 
the sequenced and amplified SCARs for Single Strand Conformation Polymorphisms (SSCP). Since the opti-
mum fragment length for SSCP analysis is in the range below 500 bp, three SCAR fragments required restriction 
enzyme digestion previous to neutral polyacrylamide gel electrophoresis (PAGE). Digestion was conducted 
using the enzymes PstI or EcoRI, depending on the number of cutting sites within the sequence and the length of 
the resulting fragments. Previous to PAGE, successful restriction digestion was controlled on agarose gels (data 
not shown). All SCAR products of the appropriate lengths were subsequently separated using the DNA Analysis 
System (0.25 mm gel thickness). 
Only one primer combination from nine selected SCAR products (amplified from all available 43 individuals of 
the BC1(i) population and separated using SSCP-PAGE) revealed banding patterns differing between ‘normal’ 
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and ‘bud-flowering’ individuals: in this case, silver staining visualized one additional fragment for the ‘normal-
flowering’ genotypes (Fig. 4). This ~ 400 bp fragment is amplified between bases 900 to 1.300 of the RAPD A-
marker sequence. None of the digested fragments revealed differing banding patterns. Since only one band ap-
pears on agarose gels and at least nine bands appear on SSCP gels, both primers were elongated from 20 bp to 
27 bp in order to increase the specificity of the PCR process. Interestingly, this did even increase the absolute 
number of fragments, including one additional, shorter, polymorphic fragment that was again unique for ‘nor-
mal-flowering’ genotypes (Fig. 5). The amplification of the initial fragment was maintained. With regard to the 
individuals tested, we estimate the amount of deviating genotypes for the fragment amplified by the 20 bp SCAR 
primers at 13.9%. This value decreases to 9.3% if the elongated 27 bp SCAR primers are used. The additional 
fragment deviates in 6.9% of the 43 individuals of population BC1(i). 
 
 
DISCUSSION 
The main target of this study was to initially establish an MAS system for the faster and cheaper selection cycles 
of the ‘bud-flowering’ trait in C. vulgaris. Our results prove the applicability of marker technologies for the 
potential introduction of such a system, since we identified two markers linked to the ‘normal-flowering’ trait in 
one backcross population. Both of these markers are linked in coupling phase to the ‘normal flower’ phenotype. 
We were also able to confirm the assumed monogenic and recessive inheritance of this character by analyzing 
the segregation ratios of four backcross populations: in three cases, no significant difference to the expected 
values was calculated. These four populations were chosen by reasons of their flowering rate at the time of as-
sessment and the total population size. Populations displaying flowering rates below 90.0% were excluded just 
as populations that consisted of 45 individuals or less e.g. an available population of only 10 individuals that 
segregated exactly 1 : 1 was rejected to analyze. 
Although a lower reproducibility of RAPDs compared to other techniques, e.g. AFLPs, is often reported (e.g. 
Jones et al. 1997, Heckenberger et al. 2003, Garcia et al. 2004), the technique proved to be sufficiently reliable in 
our hands (Borchert et al. 2008). This is in line with results of Bagley et al. (2001), who demonstrated that inner-
laboratory RAPD reproducibility can be enhanced if some basic requirements in the course of daily work and in 
gel analysis are met. Moreover, reproducibility issues of RAPDs mainly result from heritability and not repeat-
ability problems (Bagley et al. 2001). 
Nevertheless, one approach to deal with common RAPD-associated problems, i.e. multiple binding sites or the 
dominance of the marker system, is the conversion to SCAR markers, as described by Paran and Michelmore 
(1993). Since their introduction, SCAR markers have been used in several plant breeding studies (e.g. Corrêa et 
al. 2000, Zhang and Stommel 2001, Scheef et al. 2003, Rugienius et al. 2006). Although they are valuable mark-
ers, their creation is known to be laborious (e.g. Bradeen and Simon 1998, Shan et al. 1999). In fact, the loss of 
the original polymorphism, which occurred in our study, is not an unusual event when working with SCARs 
(e.g. Paran and Michelmore 1993, Scovel 1998), because the SCAR primers are usually nested within the origi-
nal RAPD primers. Since the polymorphism of RAPDs likely results from alterations in the primer binding sites, 
the original polymorphism may be lost by using the SCAR primers. Usually, the chance for reproducing the 
original polymorphism is higher if RAPD fragments are cloned rather than sequenced directly (Hernández et al. 
2003), since cloning leads to the RAPD- primer binding sites being included in the sequenced fragment. In our 
study, this was the case for the 5’-RAPD binding site of the A-marker. However, the polymorphism could not be 
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maintained even if this binding site was also used to amplify the SCAR marker. Nonetheless, the cloning assay 
for this RAPD fragment revealed a primer mismatch of one base in the binding site. Although modifying the 
annealing temperature during PCR is considered to be one of the most effective tools to eliminate amplification 
from one of the alleles as a result from mismatching, this assay did not work for our SCARs (data not shown). 
In addition, regarding the B-marker, two different RAPD fragments have obviously been cloned. As described 
above, a fragment of little size difference to the proper marker band was amplified in 25 of the 28 ‘bud-
flowering’ individuals of population BC1(i). Since the resolution power of agarose gels is limited, we cannot 
exclude the possibility that both bands are amplified in positive (‘normal-flowering’) individuals of the segregat-
ing population BC1(i), which were then cloned and sequenced simultaneously. This would lead to mixed se-
quencing reactions and alignment problems as described above. In addition, RAPD fragments of the same mo-
lecular size do not necessarily have to share the same sequence. Although the gel resolution could be increased 
using PAGE, in our point of view this would be inapplicable for a small-sized business with limited lab equip-
ment as is the case for Calluna breeders. We therefore consider the A-marker to be of a greater practical impor-
tance. 
The detection of a new and screenable polymorphism within the given SCAR sequence is a prerequisite for the 
applicability of the MAS system in practical breeding processes. Two common approaches are widely used for 
this problem: SCAR-CAPS conversion and PCR-SSCP analysis. The development of CAPS marker is a consid-
erable matter of expense, i.e. it requires either in-depth sequence data from cloning experiments for the pre-
experimental analysis of potential restriction sites or a large set of available restriction enzymes for the ‘random 
cutting approach’. For example, Fang et al. (1997) did not recover restriction site mutations by screening 20 
different restriction enzymes. 
We therefore applied SSCP analysis (Orita et a. 1989) to detect polymorphisms in monomorphic PCR products 
amplified by the SCAR primers. The SSCP technique, i.e. its capability to detect polymorphisms, is based on 
mobility differences of single stranded DNA because conformation variations resulting from different base com-
positions of these separated DNA fragments lead to differing migrating rates in the gel matrices used (usually 
mutation detection enhancement gels, Hauser et al. 1998). Until now, SSCP analysis has frequently been used in 
medical research, although only a few studies have been published in population genetics (Sunnucks et al. 2000). 
Sunnucks et al. (2000) reported the existence of two banding systems, a faster migrating, lower one and a slower 
migrating, upper one. Polymorphic bands may occur in both banding systems, although the upper one is usually 
multibanded. In fact, separation of our monomorphic SCAR markers reproducibly resulted in two polymorphic 
bands in the uppermost banding system between pools of ‘normal’ and ‘bud-flowering’ genotypes for one primer 
combination in the backcross population BC1(i) (Fig. 5). The amount of individuals with a deviating genotype 
was higher when compared to the RAPD markers but decrease if primers are elongated from 20 bp to 27 bp. The 
reasons for multiple bands in PCR-SSCP analysis, especially in the slow-migrating banding system, are manifold 
and range from the expectable sequence differences of denatured single-strand DNA to double-stranded 
homoduplex DNA as a result of a lack of denaturation (Sunnucks et al. 2000). We therefore assume that these 
polymorphisms are coupled to the ‘flower type’ trait and are based on differing sequences of the single strands of 
the A-marker PCR fragments The practical applicability of this marker is restricted due to the PAGE participa-
tion. 
From an economic point of view, two recently published surveys (Rout and Mohapatra 2006, Byrne 2007) of 
scientific publications and of the activities of ornamental breeding companies regarding the application of mo-
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lecular marker techniques revealed that, besides SSRs and AFLPs markers, RAPDs remain one of the most 
commonly applied marker systems in ornamental crops. The study by Rout and Mohapatra (2006) revealed that 
only a small minority of breeding companies actually use MAS in their breeding process. The main applications 
are the identification of parental relationships as well as cultivar discrimination (Essentially Derived Varieties 
(EDVs)). Byrne´s questionnaire (2007) revealed similar results, i.e. that almost 40% of 79 fruit and ornamental 
breeders applied molecular markers for their breeding program, mostly using SSRs, AFLPs and RAPDs. Only 
14% were engaged in MAS and only 3% of these were actually using this method to aid a selection process– the 
remaining 11% of the research programs were still at the developmental stage. Yet again, the main application of 
molecular markers in ornamental crops was shown to be the analysis of genetic diversity (44%). 
MAS only brings about real progress in the breeding process if the trait of interest is difficult to identify – as is 
the case for resistances – or if it requires long cultivation periods of the progenies before selection is possible – 
as is the case for flower characteristics, especially in woody plants with long juvenile periods. The costs and 
efforts required to integrate an MAS system into an existing breeding system depend on the technique, and 
should not be underestimated. However, in 2001, Yousef and Juvik demonstrated for Zea mays that MAS can 
directly compete with phenotypic selection with regard to both the costs of the process and the amount of manual 
labor involved. 
For this reason, our current research aims to identify a closer linked marker based on segregating populations of 
100 – 1000 individuals using AFLPs. In so doing, we expect to detect tightly linked markers on both sides of the 
anticipated gene, which would form the basis for map-based cloning. 
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2.2 Molecular Marker 
Table 1: Segregation analysis of the ‘bud flowering’ trait. 
The absolute amount of ‘normal‘ and ‘bud-flowering’ genotypes from four back-crossing populations, segrega-
tion ratios with regard to the trait of interest and the corresponding Χ2-values (H0: segregation ratios do not differ 
from 1:1; Χ20.95, 1 = 3.84). Parent varieties used for backcrossing are listed under the subheading ´plant material´. 
The anticipated monogenic-recessive inheritance of the ‘bud-flowering’ trait was not disproved in three of the 
four of the populations (α = 0.05). 
 
Population 
denomination 
Mother 
Variety 
Father 
Variety 
‘Bud-flowering’
individuals Sum
Segregation 
ratio Χ
2 
BC1(i) ´Melanie´ ´Roter Oktober´ 28 68 1,43 2,117 
BC1(ii) ´Maria´ ´Boskoop´ 57 119 1,09 0,210 
BC1(iii) ´Anette´ ´Roter Oktober´ 16 46 1,86 4,260 
BC1(iv) ´Mariella´ ´Boskoop´ 45 101 1,24 1,198 
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Table 2: Amplification of RAPD A- and B-markers in independent varieties / genotypes (n = 24 ‘bud-
flowering’ varieties, n = 25 ‘normal-flowering’ varieties). 
A: Overview. A positive result for ‘normal-flowering’ varieties implies the amplification of the marker fragment. 
On the contrary, a positive result for ‘bud-flowering’ varieties means that the marker fragment is not amplified 
by PCR. 
Marker Flower type Positive result 
normal 44.0% A 
bud 83.3% 
normal 56.0% B 
bud 62.5% 
 
B: List is tested varieties / genotypes. 
flower type denomination flower type denomination 
´Allegro´ ´Adrie´ 
´Battle of Arnhem´ ´Alicia´ 
´Boskoop´ ´Amethyst´ 
´C. W. Nix´ ´Anette´ 
´Carmen´ ´Annegret´ 
´Dart´s Beauty´ ´Anneliese´ 
´Dart´s Hedgehog´ ´Aphrodite´ 
´Dart´s Silver Rocket´ ´Barbara´ 
´Finale´ ´Cilcennin Common´ 
´Glenmorangie´ ´David Eason´ 
´Hiemalis´ ´Fritz Kircher´ 
´Long White´ ´Ginkel´s Glorie´ 
´Manuel´ ´Johnson´s Variety´ 
´McDonalds of Glencoe´ ´Karla´ 
´Multicolor´ ´Klaudine´ 
´Orange Queen´ ´Lianne´ 
´Roter Oktober´ ´Mariella´ 
´Silver Knight´ ´Marleen´ 
´Westphalia´ ´Marlies´ 
´White Mite´ ´Melanie´ 
Löhnstein ´Minka´ 
Niederohe ´Minna Kircher´ 
Ruhla ´Sandy´ 
Tiefenthal 
‘bud-flowering' 
´Senta´ 
‘wild-type' 
San Remo   
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Figure 1: Shoots of C. vulgaris. 
Left: ‘Normal-flowering’ genotype (wild type), right: ‘bud-flowering’ genotype (´Annegret´) 
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Figure 2: RAPD A-marker amplified in a backcross population. 
Separation of RAPD products (1.5% agarose gel, left: 10 ‘normal-flowering’ genotypes, right: 10 ‘bud-
flowering’ genotypes). The marker fragment (~ 2.5 kb) is clearly visible as the uppermost band. The 20 indi-
viduals belong to population BC1(i). The first ‘bud-flowering’ genotype is the individual with marker amplifica-
tion (recombination). The three most intensive bands in the size marker lanes resemble 0.5, 1.0 and 3.0 kb, re-
spectively. 
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Figure 3: RAPD markers ‘A’ (lanes 2-5) and ‘B’ (lanes 6-9). 
One positive and one negative genotype (lanes 2, 3 and 6, 7) as well as the purified fragment after gel-extraction 
(lanes 4 and 8) are shown for each marker. Marker fragments are highlighted by arrows. A faint band beneath the 
marker band is recognizable in lane 7, making it difficult to analyse data on agarose gels. Lanes 5 and 9: H2O; 
lanes 1 and 10: size marker. The three most intensive bands in the size marker lanes resemble 0.5, 1.0 and 3.0 kb, 
respectively. 
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Figure 4: SSCP analysis (neutral PAGE, silver staining) of SCAR fragments (A-marker) 
Direct separation of PCR products (20 bp SCAR primers, left: 3 ‘normal-flowering’, right: 3 ‘bud-flowering’ 
individuals, population: BC1(i)). The white arrow indicates the polymorphic fragment for ‘normal-flowering’ 
genotypes. Corresponding fragments between both pools (same molecular size) are linked with dotted lines for 
better interpretation. 
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Figure 5: SSCP analysis (neutral PAGE, silver staining) of SCAR fragments (A-marker) 
Direct separation of PCR products (27 bp SCAR primers, left: 3 ‘normal-flowering’, right: 3 ‘bud-flowering’ 
individuals, population: BC1(i)). The upper white arrow indicates the maintained polymorphic fragment (com-
pare Fig. 4). The lower white arrow indicates the additional fragment for ‘normal-flowering’ genotypes resulting 
from primer elongation. Corresponding fragments between both pools (same molecular size) are linked with 
dotted lines for better interpretation. 
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2.2.1. Annex I: Additional segregation data 
In addition to the given data in Table 1 of Chapter 2.2, further segregating popula-
tions were generated in 2005 and 2006. In Table 3, the segregation ratios of other 
selected populations are presented. By ignoring the critical factor of population size, 
all populations with a 1st year flowering rate of 0.5 or above are shown. In addition, 
populations are shown that were produced by crossing F1 individuals to randomly 
chosen and potentially homozygous recessive genotypes in order to test the hy-
pothesis of monogenic-recessive inheritance of the ‘bud-flowering’ trait independent 
of a specific crossing combination. 
 
Table 3: Segregation analysis of the ‘bud-flowering’ trait in BC1 populations. The absolute amount of 
‘bud-flowering’ and ‘wild-type’ progenies is shown for six different populations. Segregation ratios and 
χ2 values are presented (H0: segregation ratios do not differ from 1:1; χ 20:95; 1= 3.84). 
parent varieties 
BC1 
individuals crossing 
# bf wt bf wt 
segregation 
ratio χ2 
1 ‘Aphrodite’ Maria x Boskoop 12 20 0,60 2,00 
2 ‘Lianne’ Maria x Boskoop 6 13 0,46 2,58 
3 ‘Maria’ Maria x Boskoop 1 33 0,03 30,12 
4 ‘Maria’ Maria x Boskoop 4 7 0,57 0,82 
5 ‘Maria’ Maria x Boskoop 0 6 0,00 6,00 
6 ‘Venetia’ Maria x Boskoop 5 4 1,25 0,11 
 
The anticipated monogenic-recessive inheritance was not disproved in four (#1, #2, 
#4, #6) of these six populations (α = 0.05), these included ‘false’ back-crossing popu-
lations. In population #3, a very unusual low amount of ‘bud-flowering’ individuals 
were observed, although the same genotypes were used as parent individuals as 
e.g. in population BC1(ii) (see Table 1 of Chapter 2.2.). Furthermore, population #5 
consists of only six individuals in total which were derived from 150 seeds (germina-
tion rate 6.67%, 1st year flowering rate 0.6) and therefore, such a population is in 
principle unsuitable for analysis of its segregation ratio. 
These diverse segregation ratios may indicate additional factors that influence the 
segregation ratio of back-crossing populations. 
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ABSTRACT 
Background 
The ornamental crop C. vulgaris is of increasing importance to the horticultural industry in 
the northern hemisphere due to a quite simple flower organ mutation: the flowers of the ‘bud-
flowering’ phenotype remain closed i.e. as buds throughout the total flowering period and 
thereby maintain more colorful flowers for a longer period of time than the ‘wild-type’. This 
feature is accompanied and presumably caused by the complete lack of stamens. Descriptions 
of this botanical particularity are inconsistent and partially conflicting. In order to clarify ba-
sic questions of flower organ identity in general and stamen loss in detail, a comparative study 
of the diverse flower types of C. vulgaris was initiated. 
Results 
Flowers were examined by macro- and microscopic techniques. Organ development was in-
vestigated comparatively in both the ‘wild-type’ and the ‘bud-flowering’ type by histological 
analyses. Analysis of cell surface structures of the perianth epidermis using scanning electron 
microscopy revealed that in ‘wild-type’ flowers the outer whorls of colored leaves can be 
identified as sepals. The uppermost whorls of green leaves represent bracts. In the ‘bud-
flowering’ type, two whorls of sepals are directly followed by the gynoecium, which is why 
both petals and stamens are completely missing. 
In addition, two MADS-box genes (homologs of AP3/DEF and SEP1) were identified in C. 
vulgaris using RACE-PCR. Expression analysis by qRT-PCR was conducted for both genes 
in vegetative tissues, bracts, sepals and petals. These experiments revealed a gradual decrease 
of B-gene expression levels from petals to bracts and vegetative tissue, which supports our 
previous organ classification based on morphological characteristics. 
Conclusions 
Organ identity in both ‘wild-type’ and ‘bud-flowering’ C. vulgaris was clarified using a com-
bination of microscopic and molecular methods. Bract, sepal and petal organ identity is sup-
ported by a modified ‘ABCDE model’. However, parallel loss of stamens in the ‘bud-
flowering’ phenotype is an exceptional flower organ modification that cannot be explained by 
modified spatial expression of known organ identity genes. 
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BACKGROUND 
Calluna vulgaris L. (Hull.) (Fig. 1A) belongs to the order Ericales, which comprises 25 fami-
lies including 346 genera with more than 11,500 species in total [1]. The Ericales incorporate 
about 5.9% of core eudicot diversity, one third of which is made up of the Ericaceae alone 
[1]. This apparent diversity particularly affects the flower morphology and organization since 
the only shared feature of all Ericales is the occurrence of tenuincellate ovules, which how-
ever is common to all asterids [2]. In addition, a persistent corolla is the only synapomorphy 
for C. vulgaris and the Ericeae (except Daboecia) [3]. 
The economic significance of C. vulgaris to the horticultural industry in Europe and North-
America is continually increasing [4]. The current market share in Germany for instance, 
amounts to approximately 120 million EUR, or > 100 million plants per year, respectively [4]. 
In principal, this economic significance is the results of a single but considerable change in 
the flower morphology: the loss of stamens. In contrast to ‘wild-type’ flowers (Fig. 1A) that 
are only attractive from August to October the resulting ‘bud-flowering’ phenotype (Fig. 1B) 
preserves its unpollinated stigmas within the never-opening buds and has an extended flower-
ing period up to December. For this reason, it is the most valuable flower type of this species 
to the horticultural business. In contrast, other forms, such as the ‘filled’ (Fig. 1CD) or the 
‘multi-bracteate’ types (Fig. 1E) are less important. Previous investigations revealed the 
monogenic recessive inheritance of the ‘bud-flowering’ trait [5]. 
The synoecious flower of ‘wild-type’ C. vulgaris is of radial symmetry, posing with two outer 
whorls with four to five colored leaves in each whorl as the perianth, two whorls of four to 
five stamens and four to five coadunate carpels [6, 7, 8]. The sepals are grouped into two dis-
tinct whorls of 2x 2 sepals by [9]. The colored leaves of the whorl II are fused at the recepta-
cle to form a corolla tube [6, 10]. Two surrounding whorls of at least six green leaves were 
described by [11]. These uppermost whorls of green leaves do not match the perianth symme-
try, since they are aligned with the sepal whorl instead with the petal whorl (Fig. 1F).  
In contrast, the ‘bud-flowering’ type completely lacks the male reproductive organs, which is 
probably at least one of the reasons for its developmental arrest in the bud stage (Fig. 1B). In 
1986, [12] described three different subforms of the ‘bud-flowering’ type: f. diplocalyx (‘[…] 
eight instead of four sepals and usually neither stamens nor corolla […]’, page 281), f. polyse-
pala (‘[…] similar to f. diplocalyx but […] there are indeed many sepals, more than eight.’, 
page 281) and f. clistanthes (‘[…] flower parts are present in the normal number, but the co-
rolla never, or hardly, opens.’, page 281). Evidences or justifications for this classification of 
organs e.g. of the colored leaves either as sepals or petals are missing in [6] as well as in [12]. 
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Moreover, no explanation is given by [9] for the grouping of the sepals into two whorls and 
by [6] for the grouping of stamen in two whorls. 
According to the ‘ABCDE’-model of flower organ identity, changes in flower morphology 
are the results of expression shifts of different classes of floral homeotic genes encoding tran-
scription factors in the corresponding whorls (see, e.g. [13, 14 or 15]): class A gene function 
in the outmost whorl leads to the formation of sepals; combined expression of class A and B 
genes in the second whorl leads to the formation of petals; class B and C gene function in 
whorl three promotes the development of stamens, and expression of class C genes  in the 
innermost whorl leads to the development of carpels. Additionally, class D gene function is 
required for ovule formation, whereas class E gene function is required for the development 
of all organs, respectively (see. e.g. [16, 17, 18, 19]). Two different approaches are commonly 
applied to identify organ characteristics in the perianth of angiosperms: morphological com-
parisons and gene expression studies (see, e.g. [20]). The molecular procedure mainly investi-
gates the expression of the floral homeotic genes. On the other hand, several studies demon-
strated that the perianth organs can be distinguished by the assessment of their epidermal cell 
surface structure by scanning electron microscopy (SEM), see, e.g. [16] in Arabidopsis 
thaliana or [21] in Ericales (Impatiens, Marcgravia). Both assays – the morphological and the 
molecular assay – have to be regarded as complementary [20]. 
Regarding the vague descriptions and the lack of current in-depth studies and molecular data 
in C. vulgaris, several uncertainties still exist on the topic of the flower organ identity in this 
species. On the one hand, questions arise regarding the discrete identity of the two outer 
whorls of colored leaves. On the other hand, the lack of the androecium in the ‘bud-flowering’ 
type has not been ascertained either. Until now, it is even uncertain, whether stamen devel-
opment is been initiated or whether the initiation of primordia is already inhibited. 
The determination of the flower organ identity and the understanding of the development of 
the ‘bud-flowering’ mutation itself are of importance for future breeding efforts in C. vulgaris 
since the ‘bud-flowering’ phenotype is the most important breeding target in this species. We 
therefore initiated histological, microscopic and molecular examinations to clarify the identity 
of flower organs and the differences between ‘wild-type’ and ‘bud-flowering’ phenotypes.  
 
 
RESULTS 
In order to elucidate the unknown organ identities of different flower phenotypes in the orna-
mental crop C. vulgaris flower development was monitored histologically. In addition, the 
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perianth organs were examined and made successfully distinguishable by SEM. In order to 
achieve a better understanding of mutations in flower morphology in this crop, an initial clon-
ing of two MADS-box genes was realized in addition to preliminary expression analyses. The 
genome size was determined in order to evaluate the chances of future cloning of new un-
known genes by chromosome walking. 
 
Morphological perianth organ analysis of the ‘wild-type’ and the ‘bud-flowering’ type 
In ‘wild-type’ phenotypes, the whorl II organs are commonly fused at their base and are more 
delicate compared to whorl I organs, which are clearly separated and appear quite robust. In 
contrast, ‘bud-flowering’ organs of whorl II are not fused and resemble the whorl I organs in 
shape, color and stability. SEM of whorl I and whorl II organs in both the ‘wild-type’ and the 
‘bud-flowering’ phenotype was carried out to identify, whether whorl I organs in the ‘wild-
type’ can be identified as sepals or petals and in order to clarify the identity of the whorl II 
organs in the ‘bud-flowering’ phenotype. The abaxial and adaxial epidermis structures (n = 3 
varieties each) were compared for both outer whorls (Fig. 2). Cells of the outermost whorls of 
the ‘wild-type’ phenotype are flat and stretched (Fig. 2AB). In contrast, cells of the second 
whorl appear bloated (‘dome-shaped’), are shorter in diameter and length and are striated with 
papillate structures (Fig. 2CD). On the contrary, the cell surfaces of the ‘bud-flowering’ peri-
anth organs are indistinguishable from each other, since both whorls consist of the flat and 
stretched cell type (Fig. 2E-H), comparable to the outmost whorl of the ‘wild-type’. In par-
ticular, the second whorl leaves are not ‘dome-shaped’. Thus, concerning whorl I organs of 
the ‘wild-type’ phenotype, both their position and their cell surface structure indicate a sepa-
loid identity, whereas their color suggests a petaloid identity. Regarding whorl II organs, all 
these three criteria investigated may be a hint to petaloid identity. In contrast, all organs in 
both perianth whorls of the ‘bud-flowering’ phenotypes are morphologically not distinguish-
able and show the same characteristics as whorl I organs of the ‘wild-type’ phenotype. There-
fore, they are likewise presumably to be identified as sepals, although again their coloring 
suggests a petaloid identity. 
As a consequence of the identification of whorl I organs as sepals the uppermost green leaves 
(Fig. 1F) can be classified either as foliage leaves or as bracts. This is further supported by the 
occurrence of stomata in these organs which we did not observe in any colored perianth or-
gan. However, differentiation between bracts and vegetative leaves by morphological charac-
teristics only appears vague. 
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Cloning of MADS-box genes 
MADS-box transcription factors were identified using RACE. Our initial 3’-RACE experi-
ments resulted in the cloning of two gene fragments, one putative AP3/DEF-like gene we 
named CvAP3 [GenBank:GQ202026], and one SEP1/2-like gene we named CvSEP1 [Gen-
Bank:GQ202027]. For CvAP3, the sequence data resulted from three independent experimen-
tal PCR and cloning assays. CvSEP1 was cloned by chance since the primer was designed to 
amplify B-genes. Thus, CvSEP1 could not be verified independently until now. Both partial 
genes were obtained by cloning a fragment of the anticipated size of approximately 950 bp. 
Using the BLAST conserved domain database [22], the K-box and the (partial) MADS-box 
were identified in CvAP3, and the K-box in CvSEP1. Furthermore, both the EuAP3 motif and 
the PI derived motif [23] were identified within CvAP3, whereas the CvSEP1 gene included 
the SEP I and SEP II motif, as described by [24]. The latter motif, also termed as AGL2/SEP1 
terminal motif [25], may be used to discriminate SEP1/2 (the LOFSEP clade) and SEP3 
genes: SEP3 genes are missing this motif, but instead, they contain either the AGL9/SEP3 or 
the ZmM7 motif [25]. As additional validation of gene identification, Table 1 includes rele-
vant BLASTx hits [26] for CvSEP1. These hits furthermore confirmed the SEP1/2 identity, 
since (i) these hits are retrievable in [25] as belonging to the LOFSEP clade and (ii) E-values 
for any SEP3 hit were clearly lower. 
 
Molecular perianth organ analysis of the ‘wild-type’ and the ‘bud-flowering’ type 
Results of relative expression analyses of the C. vulgaris AP3/DEF- and SEP1/2-like genes 
are presented in Fig. 3. ∆∆Ct-values have been calculated to compare expression levels be-
tween the different flower tissues and the vegetative tissue of the corresponding flower type, 
since the expression of both genes was lowest (albeit present, compared to the normalizer) in 
the vegetative tissue (∆CtCvAP3,‘bud-flowering’ = 12.12; ∆CtCvAP3,‘wild-type’ = 12.96, ∆CtCvSEP1,‘bud-
flowering’ = 14.79; ∆CtCvSEP1,‘wild-type’ = 14.72). The expression levels of CvAP3 (Fig. 3A) gradu-
ally and constantly decreased from whorl II over whorl I to the uppermost green leaves in 
both flowering types. While in whorl I organs of both flowering types, the expression was 
comparable, whorl II organs differed significantly with ‘wild-type’ petals showing an almost 
double fold expression level in comparison to the ‘bud-flowering’ type. For CvSEP1 (Fig. 
3B), expression was highest in both perianth organs of both flower types, while in the upper-
most green leaves the expression level was significantly lower. Interestingly, expression was 
significantly higher in the uppermost green leaves of the ‘bud-flowering’ phenotype in com-
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parison to the corresponding ‘wild-type’ organs. However, expression of CvSEP1 did not dif-
fer markedly between whorl I and whorl II organs.  
Due to the clear differences in expression of both genes between vegetative tissue and the 
uppermost green leaves, the latter are to be identified as bracts.  
For both target genes and the 18S rRNA normalizer, the unusual expression in vegetative tis-
sue was confirmed in foliage samples of different age of three independant genotypes. How-
ever, cloning and sequencing of PCR products both from ‘wild-type’ and ‘bud-flowering’ 
samples confirmed the identity of the amplified transcripts. 
 
Floral formula of different flower types 
Since we were not able to decide whether organs of the same identity were arranged in one or 
several whorls, we uniformly speak of one whorl per organ type, except for flower types with 
changes in organ identity. Thus, the floral formulas presented consecutively are based on the 
described morphological results (e.g. cell surface structure) and not on positional information 
of the organs. 
In contrast to the ‘wild-type’ (Ca4Co(4)A8G(4), Fig. 4A; Ca: calyx; Co: corolla; A: androecium; 
G; gynoecium), the ‘bud-flowering’ phenotype completely lacks stamens whereas its petals 
are transformed to sepals (Ca4+4Co0A0G(4), Fig. 4B). This corresponds to the ‘diplocalyx’ type 
described by McClintock (1986). In contrast, the ‘bud-flowering’ variety ‘David Eason’ de-
velops carpel-like structures within whorl III which at least partially are adnate to the carpels 
of whorl IV (Ca4+4Co0A0G(8+4), Fig. 4C). ‘Filled’ flowers (‘Radnor’, Fig. 1D) present only 
indistinguishable colored leaves of varying amount in each of their whorls (CaCo A0G0). 
 
Flower organ development 
Flower organ development of the ‘wild-type’ and the ‘bud-flowering’ type were investigated 
comparatively by histological analysis. Samples were derived from the uppermost part of 
shoots for which the initiation of flower development could undoubtedly be reported. Fig. 5 
shows three equal stages of both the ‘wild-type’ and the ‘bud-flowering’ type in parallel. 
Generative meristems of both flower types did not differ anatomically (Fig. 5AD). The forma-
tion of the petals in the ‘wild-type’ flower is the first clear morphological difference to be 
detected (Fig. 5BE). When the carpels are clearly recognizable as such (Fig 5CF), the com-
parison of ‘wild-type’ and ‘bud-flowering’ types reveals there is no indication of stamen for-
mation in the latter type. We observed no evidence for a rudimentary development or a subse-
quent reduction of stamens. 
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Interestingly, tissue of petal and stamen bases in the ‘wild-type’ (Fig. 5C) display the same 
staining pattern. The same is true for the two whorls of sepals in the ‘bud-flowering’ type 
(Fig. 5F). This becomes even more obvious in opened, mature flowers of each type, using 
SGL instead of FCA staining (Fig. 6AB). 
 
Estimation of the genome size 
The genome size of C. vulgaris was estimated by laser-based flowcytometry since the knowl-
edge of this parameter is essential for future genetic applications. We compared seven ‘wild-
type’, two ‘bud-flowering’, one ‘filled’ and one ‘multi-bracteate’ genotype from different 
countries (Table 2). Three to six replications of each sample led to an overall average genome 
size of 1.1799 +/- 0.0028 pg/2C (mean +/- standard error, n = 50). According to the equation 
given by [27], from this the total DNA length of C. vulgaris can be calculated to be approxi-
mately 1,154 Mbp. 
 
 
DISCUSSION 
The vague and differing descriptions of the flower anatomy ([6, 7, 9, 12]) of C. vulgaris ne-
cessitated more in-depth investigations regarding the flower organ identity. We combined 
different microscopic and molecular analyses, since both approaches are complementary (see, 
e.g. [20] and references therein). In so doing, we appointed the organ numbers for C. vulgaris 
inflorescences as summed up in the floral formulas. ‘Wild-type’ flowers are complete 
synoecious flowers, since both gynoecium and androecium are present. In addition, sepals and 
petals are clearly distinguishable. The borderline between perianth and bracts was drawn inter 
alia as a result of stomatal occurrence: corolla and calyx of C. vulgaris do not show stomata 
as the bracts do as was demonstrated earlier ([11, 28]). This hypothesis on the borderline be-
tween perianth and bracts is further supported by the phenotype of ‘filled’ flowers. ‘Filled’ 
flowers presumably originate from a total loss of class C gene expression (e.g. [29]) in 
whorls III and IV, which is substituted by additional expression of class A genes, resulting in 
flowers consisting only of sepals and petals. Since in C. vulgaris, ‘filled’ flowers consist of 
colored leaves only, this phenotype supports the argumentation of drawing the flower border-
line between the green and the colored leaves, since otherwise, green sepals would be notice-
able in ‘filled’ flowers. Regarding the ‘bud-flowering’ type our anatomical analyses revealed 
that second whorl organs are macroscopically indistinguishable from the first whorl organs. 
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These morphological and anatomical data were supported by our gene expression analyses. 
We detected expression of CvAP3 in both perianth organs of both the ‘wild-type’ and the 
‘bud-flowering’ type in C. vulgaris. Thus, in contrast to the classical ‘ABCDE’-model, sig-
nificant expression of a B-class gene was detected in the sepals. This resembles the ‘shift-
ing/sliding boundary’ model known e.g. from Tulipa [30] and other monocots. However, this 
model also fits to basal eudicots, e.g. Ranunculales or Aquilegia ([31] and references therein). 
For this reason, an outward shift of the B-function border could be a reason for the petaloid 
appearance of sepals in ‘wild-type’ flowers of C. vulgaris. Nevertheless, expression of CvAP3 
was significantly higher in petals of the ‘wild-type’ than in its sepals. In contrast, no differ-
ence of expression was observed between these organs in the ‘bud-flowering’ type, which 
confirmed our morphological (SEM) data suggesting an additional whorl of petaloid sepals 
and the coincidental loss of petals in this flowering type. Thus, differential expression of 
CvAP3 consistently reflects changes and similarities in the morphology of whorl I and 
whorl II flower organs in the ‘wild-type’ as well as in the ‘bud-flowering’ type. However, 
these differences are of a quantitative and not of a qualitative nature. Thus, a resemblance 
with the ‘fading border’ model as proposed by [32] for Amborella trichopoda (Amborella-
ceae) is subject to conjecture. This hypothesis may be supported by the morphological resem-
blance (i.e. staining and cell structure) of ‘bud-flowering’ petal and stamen bases; again, the 
resemblance of the cell structure of stamens and petals was already shown for A. trichopoda 
[33]. However, the more variable expression patterns of MADS-box genes described by the 
‘fading border’ model is usually restricted to basal angiosperms, e.g. Nymphaeaceae, Illicium 
[32] or Eupomatia [34]. So far, fading borders are unknown in eudicots species. However, 
also [21] showed a gradual decrease of DEF-like gene expression from stamens to petals and 
sepals in Impatiens hawkeri (Ericales). 
Regarding the identification of bracts, our expression analyses also confirmed the morpho-
logical argumentation. On the one hand, the combined expression of CvAP3 and CvSEP1 in 
these organs indicates a clear difference to vegetative leaves, especially for CvAP3. On the 
other hand, besides the clear morphological dissimilarity, expression of CvSEP1 was obvi-
ously repressed in these uppermost green leaves compared to the sepals. Therefore, we identi-
fied these leaves as bracts. Again, this result is in line with [21], who also showed that a DEF-
like gene is quantitatively lower expressed in bracteoles/sepals of Marcgravia umbellata (Eri-
cales) than in petals or stamens of the same species. 
In the ‘multi-bracteate’ type of C. vulgaris, an indeterminate increase of green (and not col-
ored) bracteate leaves can be observed, a phenomenon also known from Antirrhinum. Here, 
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low expression levels of the MADS-box squamosa gene were identified to participate in the 
induction of so-called ‘bracteomania’, a phenotype equivalent to the C. vulgaris ‘multi-
bracteate’ type due to its excessive development of bracts [35]. Thus, a homolog of squamosa 
might be a candidate gene for molecular analysis of the ‘multi-bracteate’ flower type in C. 
vulgaris. 
Expression of CvAP3 and CvSEP1 was detected in vegetative leaves independent of tissue age 
for both flowering genes. According to the classical ‘ABCDE model’ and its modifications, 
we anticipated expression of the AP3/DEF-like gene to be restricted to whorls II and 
whorls III [13]. In contrast, expression of SEP1/2-like genes was expectable for whorls II-IV, 
although ‘expression in sepals is common but not universal’ ([25], page 431). However, ex-
pression of floral organ identity genes in non-floral tissues is already known from other spe-
cies. In Gerbera, the SEP1/2 gene GhGRCD2 is expressed in vegetative tissues and SEP3, 
usually restricted to the inner three whorls, is described to be expressed in vegetative tissues 
in more than one species, too ([25]and references therein). Likewise, in Rose expression of 
the AP3-like gene MASAKO euB3 was detected in vegetative leaves [36]. 
Regarding our results, it has to be borne in mind that, according to the floral quartet model, 
floral organ identity genes concertedly regulate the organ identity [37]. Our analyses therefore 
necessarily remain incomplete. Nevertheless, we were able to differentiate all organs in ques-
tion by expression analyses of just two putative MADS-Box transcription factors.  
 
The ‘wild-type’ flower of C. vulgaris is synoecious, while the ‘bud-flowering’ type is unisex-
ually female due to a total loss of stamens. Although the androecium is often modified during 
plant evolution, a complete loss of stamen whorls or the alteration of stamen function towards 
secondary floral functions e.g. the production of nectar are usually absent in Ericaceae [38]. 
For this reason, no parallel analyses in akin species are available. According to [39], every 
unisexual flower that has been investigated until then showed a certain degree of initial her-
maphroditic characteristics. However, only four years later, stamen primordia have not been 
identified in Thalictrum diocium [40]. Thus, ‘bud-flowering’ C. vulgaris rather resembles T. 
diocium, since we did not observe an abortion of initiated stamen in the ‘bud-flowering’ type. 
Instead of a downstream regulation (which would result in a belatedly abortion of once initi-
ated stamens) these authors therefore suggest an upstream regulation of class B MADS-box 
genes regarding the loss of stamens in T. diocium. An upstream regulation of AP3 expression 
may involve multiple genes e.g. LEAFY and AP1 [41]. However, putative regulation does not 
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either provide a hypothesis on the reason for the simultaneous transformation of petals into 
petaloid sepals in ‘bud-flowering’ phenotypes that accompanies stamen loss in C. vulgaris. 
Moreover, investigating a deviating ‘bud-flowering’ type − the cultivar ‘David Eason’ − gives 
an additional indication of the genetics of this flower morphology. Here, flower anatomy re-
sembles a typical B gene deficiency mutant, since the stamen seem to be transformed to addi-
tional carpels partially coadunated to the original whorl IV carpels. As in the ‘diplocalyx’ 
type, the B gene function is presumably extended to whorl I, since both outmost whorls con-
sist of eight colored sepals. Thus, the transformation of petals into petaloid sepals, that is true 
for both ‘bud-flowering’ types, is not necessarily linked to one or the other mode of loss of 
stamens. Hence, genotypes with flowers that only display the transformation of petals into 
petaloid sepals without a loss of stamens might also exist. However, we have not yet been 
able to identify any genotype that presents this change in perianth organ identity without si-
multaneous the loss of stamen 
 
Within the Ericaceae, the genome size is only known in seven Vaccinium species [42]. Here, 
the nuclear DNA content ranged from 1.20 - 7.20 pg/2C. Knowledge of the genome size is an 
essential prerequisite for prospective genomic applications in this species including mapping 
and genome walking for isolation of putative genes responsible for the ‘bud-flowering’ geno-
type. Although the measured value of 1.18 pg/2C is low, it is still approx. four times higher 
than in Arabidopsis (0.3 pg/2C, [43]. Nevertheless, it facilitates the construction of a BAC 
(Bacterial Artificial Chromosome) library and subsequent chromosome walking. 
 
 
CONCLUSIONS 
Our study presents a first step on the analyses of flower organ identity in C. vulgaris. We con-
firmed the identity of petals, sepals and bracts in ‘wild-type’ as well as in the ‘bud-flowering’ 
type. From these results we deduced hypotheses on modifications of the ‘ABCDE’-model in 
C. vulgaris. Further investigations should include additional cloning (full length clones) of 
floral organ identity gene homologs as well as studies of gene expression by qRT-PCR in all 
floral organs of different flower types.  
The loss of stamen in the standard ‘bud-flowering’ type cannot be explained by modifications 
of the ‘ABCDE’-model. Neither can clear candidate genes be deduced from comparison with 
other plant species. However, our analysis showed once again that too strict homology con-
cepts are often not applicable in diversifying plants groups. 
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Since a comprehensive understanding of the genetics of the ‘bud-flowering’ phenotype is a 
prerequisite for future breeding of this economically important ornamental crop, mapping of 
this trait with subsequent chromosome walking will be the next step to identify candidate 
genes, since the relatively small genome size of C. vulgaris allows efficient construction of a 
BAC library. 
 
 
METHODS 
Histological Techniques and Microscopy 
Tissues were fixed in AFE (10.4 : 1 :1 96% ethanol : formalin : acetic acid) or in Bouin-
Allen’s compound (14 : 5: 1 picronitric acid : formol : acetic acid + 1.48% (w/v) CrO3), de-
hydrated by ethanol, infiltrated and embedded in paraffin under low air pressure conditions, 
and sectioned at varying µm-intervals using a Leica RM2155 microtome. The sections were 
stained with either FCA (fuchsin CI42520, chryosidine CI11270, astral blue CI48048) or SGL 
(safranine CI 50240, pyoctanin blue CI 42535, acid green CI 42095) and photographed by a 
Zeiss Axio Imager.A1. The macroscopical analysis of the flower morphology was performed 
using a Leica Wild MZ3 stereo microscope. 
 
Scanning Electron Microscopy 
Samples were fixed over night in FAEG (ethanol (65%), acetic acid (5%), 37% formaldehyde 
(3.2%), 50% glutaraldehyde (0.2%), Tween-20 (0.1%), H2O) and dehydrated by an ethanol 
series: 15 min 80% ethanol, 15 min 90% ethanol, 15 min 96% ethanol, 3x 20 min 100% etha-
nol. The samples were then transferred to 100% acetone (3x 20 min) and subsequently critical 
point dried using liquid CO2 in an EMITECH K850. The leaves were mounted on Leit-Tabs 
and gold-coated (sputter-coater: EMITECH K500). Observations of the abaxial and adaxial 
sides of the perianth organs of each three genotypes were performed using a Philips XL30 
ESEM (at the Institute of Systematic Zoology and Evolutionary Biology, University of Jena) 
with an voltage of 10 kV. 
 
Cloning of MADS-box genes 
Total RNA of ‘wild-type’ C. vulgaris ‘Roter Oktober’ flower buds was isolated using a modi-
fied protocol of the RNeasy Plant Mini Kit ([44], Qiagen) and subsequently reverse tran-
scribed to first strand cDNA (Reverse Transcription System, Promega) using a standard 
oligo(dT) primer: GACTCGAGTCGACATCTG(T)14. 3’-RACE-PCR [45] was performed 
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using a 5’-B-gene-MADS-box-specific primer and the corresponding 3’-nested primer de-
rived from the oligo(dT) primer. Amplified fragments of appropriate size were gel-extracted 
(Nucleo Spin Extract II kit, Macherey-Nagel), ligated into the pDRIVE vector and trans-
formed into EZ cells (Qiagen PCR Cloning plus kit) by heat-shock. Cells were plated on stan-
dard LB/Amp/IPTG/X-Gal plates. Plasmid DNA from positive clones (blue/white selection 
plus colony-PCR testing) was extracted (E.Z.N.A. Plasmid mini kit II, Omega bio-tek) and 
sequenced (MWG Biotech AG, JenaGen GmbH, AGOWA GmbH). 
The alignments of derived sequences was accomplished by ClustalW2 [46] or T-Coffee [47]. 
BLASTx 2.2.19+ [26] and BLASTn 2.2.19+ [48] were used to check the C. vulgaris se-
quences for matching hits at the protein or nucleotide level. Cloned genes were named using 
the abbreviation of the species name and the gene class, respectively, and uploaded to the 
GenBank database via Sequin. 
 
Expression analysis (qRT-PCR) 
Total RNA of different tissues was isolated as described above, but the tissues were stored in 
liquid RNAlater (Qiagen) at 4°C until RNA extraction. cDNA was reverse transcribed using 
the original protocol of the QuantiTect Reverse Transcription Kit (Qiagen). qRT-PCR primers 
(Table 3) were designed to target the AP3/DEF- and SEP1/2-like genes using Primer3Plus 
[49]. The partial sequence of C. vulgaris 18S rRNA [GenBank:AF419797] was used to design 
normalizing primers. PCR reactions (3 independent runs with each 3 technical replicates of a 
‘bud-flowering’ and a ‘wild-type’ genotype) were performed with 0.5 ng cDNA on a 
Stratagene MX3000P thermocycler (qPCR MxPro v4.01) using the Absolute qPCR SYBR 
green ROX mix (ABgene). Gene expression analysis was normalized vs. C. vulgaris 
18S rRNA. ∆∆Ct, i.e. the fold change was calculated according to  (see, e.g. 
[50]), whereas the mean ∆Ct of the vegetative tissue was subtracted from the normalized ∆Ct-
values of bracts, sepals and petals, respectively. Prior to realtime PCR experiments, all primer 
combinations were tested for their optimum concentration and the prerequisite of PCR-
product-free non-template controls. The PCR products were additionally and successfully 
verified for length (by electrophoretic separation) and for sequence (AGOWA GmbH) iden-
tity with the predicted amplicons from different tissues and genotypes. 
CtRatio  2
 
Estimation of nuclear genome size by flow cytometry 
Fresh young foliage from samples and internal reference standards (0.5 cm2 each) were co-
chopped with a sharp razor blade in a Petri dish containing 500 µL nuclei isolation buffer ac-
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cording to [51], supplemented with 1% polyvinylepyrrolidone 25, 0.1% Triton X-100, 
50 µg/ml RNAse and 50 µg/ml propidium iodide, incubated for at least 30 sec and filtered 
through a 35 µm mesh. The relative fluorescence intensities of stained nuclei were measured 
on a FACStarPLUS (BD Biosciences, San Jose, CA, USA) equipped with an INNOVA 90-C 
argon laser (Coherent, Santa Clara, CA, USA). Propidium iodide was excited at 514 nm and 
measured in FL1 channel using a 630 nm band-pass filter. At least three plants of each C. vul-
garis sample were used for absolute DNA content estimation together with Glycine max (L.) 
Merr. convar. max var. max (‘Cina 5202’, 2C = 2.23 pg; Genebank Gatersleben, accession 
number: SOJA 392) as an internal standard. The nuclear DNA amount of the standard was 
determined based on the value of 0.32 pg / 2C for Arabidopsis thaliana ‘Columbia’ [52]. Usu-
ally 10,000 nuclei per sample were analyzed. The absolute DNA amounts of the samples were 
calculated based on the values of the G1 peak means. ANOVA HSD Post-hoc test for unequal 
N, which is a modification of the Tukey HSD test, was used to determine significant differ-
ences between group means (p = 0.05). 
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LIST OF ABBREVIATIONS 
A – Androecium 
AP – APETALA 
BAC – Bacterial Artificial Chromosome 
Ca – Calyx 
Co – Corolla 
G – Gynoecium 
MADS – mini-chromosome maintance1, Agamous, Deficiens, serum response factor 
RACE – rapid amplification of cDNA ends 
SEM – Scanning Electron Microscopy 
SEP - SEPALLATA 
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Table 1: Selection of BLASTx hits of CvSEP1. 
Gene name Species Accession number E-value 
FBP5 Petunia x hybrida AAK21248 1-55 
VvMADS2 Vitis vinifera AAM21342 2-53 
AmDEFH49 Antirrhinum majus CAA64741 1-50 
MdMADS9 Malus x domestica CAA04920 1-47 
AtSEP1 Arabidopsis thaliana NP_568322 6-46 
AtSEP2 Arabidopsis thaliana NP_186880 1-43 
 
 
Table 2: Flow cytometric estimation of the absolute DNA content of C. vulgaris. 
The table indicates the flower type, the denomination of the genotype or variety, the country 
of origin (if known) and the amount of measured replicates n. Genotypes in italics are samples 
collected in the wild. 
Flower type Denomination Origin pg DNA / 2C n 
Löhnstein Germany 1.16 +/- 0.006 4 
Niederohe Germany 1.17 +/- 0.008 4 
San Remo Italy 1.20 +/- 0.006 5 
Kvam Norway 1.19 +/- 0.015 4 
‘Long White’ The Netherlands 1.18 +/- 0.011 6 
‘Multicolor’ USA 1.18 +/- 0.016 5 
‘Wild-type’ 
‘Silver Knight’ UK 1.18 +/- 0.011 5 
‘Karla’ Germany 1.17+/- 0.014 5 ‘Bud-flowering’ ‘Sandhammeren’ Sweden 1.20 +/- 0.018 3 
‘Filled’ ‘Radnor’ UK 1.20 +/- 0.018 4 
‘Multi-bracteate’ ‘Perestroijka’ Germany 1.15 +/- 0.015 5 
 
 
Table 3: qRT-PCR primers. Primer sequences were designed to amplify products < 200 bp. 
Target 
sequence 
Primer 
sequence 
Product 
size [bp] 
18S rRNA 
[GenBank:AF419797] 
Forward: GGGATGAGCGGATGTTACTT 
Reverse: CCCTTCCGTCAATTCCTTTA 116 
CvAP3 
[GQ202026] 
Forward: TCGACGAGCTGAATAGTCTTGA 
Reverse: TCGACTAGCCCATAGTGTGGAT 190 
CvSEP1 
[GQ202027] 
forward: AGCATCATCCTCAATCCCAG 
Reverse: GATCATTCCGCTCACGTTTT 143 
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Fig. 1: Flower types of C. vulgaris. 
A: ‘wild-type’; 
B: ‘bud-flowering’ (‘Amethyst’); 
C: ‘filled’ (‘Radnor’); 
D: ‘filled’ (‘Radnor’), cross-section; 
E: ‘multi-bracteate’ (‘Peace’); 
F: bottom of ‘wild-type’ inflorescence; 
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Fig. 2: Comparative SEM observations of abaxial and adaxial epidermal surface struc-
tures of C. vulgaris perianth organs. 
‘wild-type’ whorl I, abaxial (A), adaxial (B); 
‘wild-type’ whorl II, abaxial (C), adaxial (D); 
‘bud-flowering’ whorl I, abaxial (E), adaxial (F); 
‘bud-flowering’ whorl II, abaxial (G), adaxial (H); 
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Fig. 3: Expression analysis of CvAP3 (A) and CvSEP1 (B) in C. vulgaris flower tissues. 
Normalized (vs. 18S rRNA) expression is presented for both the ‘wild-type’ and the ‘bud-
flowering’ type as fold change (∆∆Ct) of arbitrary units vs. the reference tissue (vegetative 
foliage). 
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Fig. 4: Sagittal slices of mature flower buds. 
A: ‘wild-type’ phenotype (A): Ca4Co(4)A8G(4); 
B: ‘bud-flowering’ phenotype (B, ´Anneliese´): Ca4+4Co0A0G(4); 
C: ‘bud-flowering’ phenotype (‘David Eason’): Ca4+4Co0A0G(8+4); 
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Fig. 5: Comparative investigation of C. vulgaris flower development. 
Histological slices of 5 µm intervals were fixed in AFE and stained by FCA. Organs and tis-
sues are labelled by veg (vegetative tissue), br (bracts), sep I or sep II (sepals, whorl no.), pet 
(petals, if available), sta (stamens, if available), ne (nectaroids), car (carpels), ov (ovules) and 
me (flower meristem), respectively. 
A-C: different stages of a ‘wild-type’ inflorescence; 
D-E: different stages of a ‘bud-flowering’ inflorescence; 
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Fig. 6: Mature flowers of C. vulgaris. 
Histological slices of 8 µm intervals were fixed in Bouin-Allen´s compound and stained by 
SGL. Organs and tissues are labelled by veg (vegetative tissue), br (bracts), sep I or sep II 
(sepals, whorl no.), pet (petals, if available), sta (stamens, if available), ne (nectaroids), car 
(carpels), ov (ovules) and me (flower meristem), respectively. 
A: ‘wild-type’; 
B: ‘bud-flowering’; 
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2.3.1. Annex I: Sequence Motifs 
Homeotic MADS-box genes contain, beneath the familiar MADS-box, several more 
conserved domains and motifs that are not as highly conserved as the MADS-box but 
nevertheless, are common to genes of the same transcription factor class. Thus, 
these motifs can be used to identify a gene i.e. its partial gene sequence and to con-
firm its membership to a specific transcription factor class. 
Kramer et al. (1998) described, among others, the EuAP3 and the PI-derived (PIS-
TILLATA) motif for class B homeotic genes, Zahn et al. (2005) described the SEP I 
and the SEP II motif as already mentioned in the manuscript of Chapter 2.3. 
The EuAP3 Motif as shown in Figure 8 is a synapomorphy for the euAP3 lineage of 
AP3 genes and is usually used for phylogenetic classification of this gene class 
(Kramer et al. 1998). The motif derived from the PI motif of PI genes is usually de-
tected in AP3 genes and therefore is an additional evidence of the paralogy of AP3 
und PI lineages (Kramer et al. 1998). 
Regarding the SEP subfamily, their C-termini are usually less conserved than the 
equivalent regions of DEF/GLO (DEFICIENS / GLOBOSA) and AG (AGAMOUS) 
MADS-box subfamilies. In addition, SEP I and SEP II do structurally not resemble 
any motif with known function (Zahn et al. 2005). However, they are located in the 
same region as the PI-derived and other AP3-motifs in AP3 proteins (Kramer et al. 
1998, Zahn et al. 2005) and therefore, they are deemed to be functionally and 
equivalently important for protein function. 
These motifs are highlighted within the ClustalW2 protein alignments of the 
AP3/DEF- and SEP1/2-like genes, respectively (Figure 8 and Figure 9, next page). 
The partial C. vulgaris sequences of both the B- and E-like MADS-box genes each 
included the mentioned motifs. The coding sequence of CvAP3 included the K-box 
and the partial MADS-box, the shorter CvSEP1 sequence included the K-box, which 
is located downstream of the MADS-box (data not shown). 
 
The identified C. vulgaris sequences for CvAP3 [GQ202026] and CvSEP1 
[GQ202027] were used for phylogram construction (Chapter 2.3.2.). 
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Figure 8: Alignment of the C-terminal region of C. vulgaris AP3 and its homologs, used for tree 
construction. The regions designated as motifs are inverted or boxed and labeled as PI Motif-Derived 
and EuAP3, respectively (according to Kramer et al. 1998). 
 
 
 
Figure 9: Alignment of the C-terminal region of C. vulgaris SEP1 and its homologs, used for 
tree construction. The regions designated as motifs are inverted and labeled as SEP I and SEP II, 
respectively (according to Zahn et al. 2005). 
 
 
2.3. Flower Organ Identity 
2.3.2. Annex II: Phylogeny of C. vulgaris MADS-box genes 
Phylogenetic analysis of partial gene sequences i.e. the comparison of C. vulgaris B- 
and E-like MADS-box genes vs. B- and E-MADS-box genes of related species (aster-
ids) was performed using PaupUp (for determination of substitution model) and 
MrBayes (for consensus tree construction). Thus, the phylograms presented below 
(Figure 10, Figure 11) have to be esteemed to mainly represent the gene’s phylogeny 
rather than the evolutionary pathway of C. vulgaris. 
For phylogenetic analysis, matched sequences (by BLAST (Basic Local Alignment 
Search Tool) in NCBI) of the Ericales (if available) and the asterids were chosen and 
aligned to C. vulgaris sequences. The coding sequence of A. thaliana (rosids) AP3 
(APETALA3, NM_115294) and SEP1 (SEPALLATA1, NM_121585) was included as 
anticipated outgroup. Although the DEF genes of Impatiens encoded an unusually 
long C-terminal domain (IhDEF1) or an unusual short C-terminal domain (IhDEF2), 
both were integrated.  
Figure 10 (next page) shows the unrooted tree resulting for CvAP3, the class B-like 
MADS-box gene of C. vulgaris and other B-MADS-box genes of the asterids and 
Figure 11 (next but one page) provides the unrooted tree for CvSEP1  (C. vulgaris), 
the class E-like MADS-box gene and other E-MADS-box genes of the asterids. The 
anticipated outgroup genes AP3 and SEP1 of A. thaliana were recognized as such in 
both cases. A shared feature of both trees is the underlying data basis, since only 
partial sequences of the coding region of the genes were available as the result of 3’-
RACE-PCR: the C. vulgaris sequence was the shortest one in both cases. Therefore, 
it is not unexpected that terminal results i.e. highly resolved nodes with high confi-
dence / significance levels were not achieved for C. vulgaris genes. In contrast, for 
CvAP3, the connection between the outgroup gene Arabidopsis (rosids) and the as-
terids remained as unclear as the relation between CvAP3 and the genes from the 
same family. In case of CvSEP1, a low significance i.e. bootstrapping value for its 
node additionally decreases the informative value of the phylograms. Nevertheless, 
the C. vulgaris sequence is positioned near Diospyros kaki (DQ412058) which is, 
beneath Impatiens hawkeri (DQ493928), the only sample from the Ericales. 
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Figure 10: Consensus tree of nucleotide alignments (ClustalW2) of CvAP3. Best-fit model GTR+I+G selected by AICc (corrected Akaike Information Crite-
rion, PaupUp), base frequencies 0.3048 (A), 0.2147 (C), 0.2521 (G), 0.2284 (T), burnin = 8500. Internal edge labels (MrBayes) are equivalent to posterior prob-
ability values. 
 
 90 
2.3. Flower Organ Identity 
 91 
Figure 11: Consensus tree of nucleotide alignments (ClustalW2) of CvSEP1. Best-fit model HKY+I+G selected by AICc (PaupUp), base frequencies 0.3364 
(A), 0.2244 (C), 0.2278 G, 0.2113 (T), Ti/tv ratio = 1.3025, Burnin = 700. Internal edge labels (MrBayes) are equivalent to posterior probability values. 
 
 
3. General Discussion 
3. General Discussion 
 
3.1. Genetic Diversity & Variety Protection 
 
3.1.1. Summary of Results 
The selection of genotypes for the investigation of genetic diversity in C. vulgaris was 
agreed upon with the cooperating breeding company. The aim was to represent a 
wide assortment of the genus. For this reason, it included 62 varieties of current eco-
nomic significance, older varieties from different countries and other continents 
(USA), five genotypes resulting from crossings, five wild-type samples and Erica 
genotypes (as an anticipated outgroup). The intention was to gain a comprehensive 
overview of the genetic diversity available in C. vulgaris and applicable for prospec-
tive breeding efforts from this mixture. 
After having screened over 120 primers, 168 mono- and polymorphic RAPD (129) 
and ISSR (39) fingerprint fragments were applied to the above-mentioned genotypes 
by random PCR. The bootstrapped dendrogram is shown in Fig. 2 in Chapter 2.1. A 
low genetic diversity was revealed: all Calluna genotypes clustered with a Dice simi-
larity of ~ 0.74 or higher. If the wild types from Thuringia and Italy are treated as an 
internal C. vulgaris outgroup, this value increases to ~ 0.78 Dice similarity. We ex-
perienced a robust inner-laboratory reproducibility of the RAPD- and ISSR ‘finger-
printing’ techniques. This is proved by a very low amount of missing values (0.47%), 
i.e. non-reproducible PCR-fragments within the distance matrix. In addition, the se-
lected primers were able to significantly discriminate between E. carnea and E. 
tetralix, genotypes included to prove the concept of the dendrogram construction 
method. The dendrogram is therefore considered to provide an adequate estimation 
of the genetic diversity in C. vulgaris. 
The small number of statistically significant nodes indicates a low bootstrapping vali-
dation within the Calluna group of the dendrogram. Due to this minor statistical reli-
ability and the simultaneous and close arrangements of known non-related individu-
als, the dendrogram was deemed insufficient to be applied when dealing with variety 
derivation in C. vulgaris. The lack of an adequate method led to the alternative com-
putation of the available dataset on the basis of the statistical system proposed for 
lettuce (Eeuwijk and Law 2004). This assay compared genetic distances of the varie-
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ties in question vs. a genetic distance threshold which was derived from an adapted 
reference set. For the selected test sets of C. vulgaris, this method proved to be ap-
plicable, since known EDV cases can be distinguished from cases relating to back-
crossing (Figures 3 and 4 and Table 2 in Chapter 2.1., Figure 6 and Figure 7 in 
Chapter 2.1.2.). Thus, based on the same dataset that resulted in the dendrogram, 
the typical case of an EDV (i.e. sport selection) can reliably be differentiated from 
‘true breeding’ (i.e. back-crossing), which is a basic demand of a system dedicated to 
EDV identification in C. vulgaris. 
 
3.1.2. Discussion & Conclusions 
Genetic diversity data are a prerequisite for successful breeding programs, i.e. ‘mo-
lecular phylogeny-assisted’ breeding (Handa et al. 2006). In C. vulgaris, additional 
facts, such as the combination of an increasing amount of filings for variety protection 
and diminishing phenotypic differences among the varieties, led to the demand for 
molecular investigations by breeders. Nevertheless, apart from studies on the genetic 
diversity of wild type populations (Mahy et al. (1997), Mahy and Jacquemart (1998), 
Mahy et al. (1999), Meikle et al. (1999), Rendell and Ennos (2002)), molecular data is 
completely lacking in C. vulgaris. 
 
Our results proved a low genetic diversity in C. vulgaris. We assume that not only the 
crossing incompatibility of the monotypic species C. vulgaris with other genera of the 
Ericaceae but also the applied key breeding methods (back-crossing and sport selec-
tion) are responsible for this development, since both are known to negatively affect 
the gene pool (Vosman et al. 2004). As shown in Figure 5, the occurrence of outliers 
within the tested genotypes is rather coincidental, with the exception of the Erica spp. 
and the wild-type groups; a crossing progeny, the parents of which are well placed 
within the large C. vulgaris cluster, is itself positioned outside by PCA. In contrast, the 
single variety enclosed from the USA (‘Autumn Glow’) is indistinguishable from the 
European genotypes. Nevertheless, it is not known whether or not this variety re-
sulted mainly from European genotypes simply exported from Europe to the USA. 
Thus, the application of these genetic ‘fingerprinting’ data, i.e. its exploitation to iden-
tify novel breeding material, may be a valuable tool, despite the fact that C. vulgaris 
breeding programs cannot be adapted towards the effective cross-breeding of re-
gional subgroups, for instance. However, it can be assumed that concerted breeding 
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efforts towards desired traits offside the ‘bud-flowering’ trait, e.g. foliage or flower 
color, will be successful. Up to now, the small gene pool available has not been tar-
geted systematically enough. 
 
Breeding by methods well-known for their negative effect on the gene pool within 
species with high genetic similarities gives rise to problems regarding the phenotypic 
discrimination of genotypes. As a consequence, juridical variety protection issues 
resulted in C. vulgaris. With respect to this set of problems, even the German Federal 
Plant Variety Office recently searched for possibilities to complement phenotypic 
DUS testing in C. vulgaris by implementing marker techniques, i.e. isoenzyme analy-
ses (CPV.4937 2007). In general, the introduction of molecular methods into Plant 
Variety Protection (PVP) methodology was a common development in recent dec-
ades (see, e.g. Staub and Meglic 1993, Staub et al. 1996b, Rout and Mohapatra 
2006). 
In Europe, the first PVP / Intellectual Property (IP) rights for plants were introduced in 
the Netherlands (1938) and in Germany (1941) in terms of the Plant Breeder’s Rights 
(PBR). Furthermore, the Plant Variety and Protection Law was enacted in Germany 
on December 11, 1985, and applications for national plant protection are addressed 
to the Federal Plant Variety Office. Since 1994, applications for PVP throughout the 
EU can be filed to the CPVO, Angers, France, on the basis of one of the first su-
praregional agreements: the European Regulation on the Protection of Plant Varie-
ties (Le Buanec 2004). In 1930, the Plant Patent (PP) Act led to the possibility of va-
riety protection in the USA, which was adjusted in 1973 and 1994 by the introduction 
of additional PVP features. While PBR are based on distinctness (of the declared 
variety to every known variety of the same species), uniformity (with respect to the 
propagation method) and stability (over the reproduction cycles) and are applied to all 
species, PPs as available in the USA are only legal to asexually reproduced varieties. 
Further important and systematic differences are that PPs prohibit claims on sexu-
ally-derived progenies of the declared variety and that no deposit of material is re-
quired at an independent institution. In summary, a notably less rigorous practical 
application of PP compared to PBR is reported (Ghijsen (Bayer CropScience), per-
sonal communication). However, the PP system is a much more stringent protection 
system. 
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The use of molecular markers in such legal environments requires consensus from 
appropriate scientific and business authorities, especially regarding suitable defini-
tions of genetic distance and statistical significance. Figure 12 indicates the uncer-
tainty related to the detection of essential derivation, independent of the method ap-
plied. A ‘zone of uncertainty’ remains between areas of non-ambiguity regarding es-
sential derivation or independence (Heckenberger 2004). Among other things, the 
size of this zone is affected by the ‘fingerprinting’ methods that are applied to identify 
essential derivation. As a result, a universally applicable system to identify EDVs in 
all plant species and crops of economic interest will presumably not be available due 
to the differing genetic premises in the different species. Thus, a crop-by-crop ap-
proach that accounts for the current circumstances, i.e. the availability of methods, 
may be a more realistic advance for issues related to essential derivation. 
 
 
Figure 12: The concept of different thresholds to discriminate between essentially derived and inde-
pendent varieties based on their GD (genetic distance) to an initial variety. (reproduced from Hecken-
berger 2004, Figure 1). 
 
In C. vulgaris, the mere application of a dendrogram did not prove to be an adequate 
method for identifying EDVs. This is a critical difference when compared with other 
vegetatively propagated crops. De Riek et al. (2000) presented a number of case 
studies regarding this aspect for Phalaenopsis, Rosa and Rhododendron. With these 
species, the authors were able to successfully discriminate clones of a variety vs. 
non-related, i.e. independent varieties, using UPGMA dendrograms. For C. vulgaris, 
however, it could exaggeratedly be claimed that every variety was derived from the 
Lüneburger Heide wild types, since these are clustered amid all other samples with a 
very high identity percentage (Figure 5). Although plant material was repeatedly de-
rived from this area (Heidepflanzen de Winkel, pers. comm.) for breeding purposes, 
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this does not seem to be a pragmatic solution for the pending and upcoming EDV 
issues. 
Two explanations can be given for this elementary difference. First, the high genetic 
similarities in C. vulgaris give rise to high genetic similarities of any crossing progeny, 
independent of the parental genotypes. Even if assumed non-related individuals, e.g. 
a ‘wild-type’ from Germany and a ‘bud-flowering’ type from the USA, were used for 
crossing, the progeny will share a high amount of monomorphic PCR fragments with 
its parents, as their parents did before them. Second, the somatic mutation type of 
sport/reversion is a common, i.e. well-known, phenomenon in C. vulgaris. This may 
be concluded from pers. comm. (Heidepflanzen de Winkel) and from filings for variety 
protection kindly provided by the German Federal Plant Variety Office. 
As early as in 1988, Klekowski indicated the combination of (i) vegetative propagation 
and (ii) the perennial character of a species to promote high mutation rates, which 
could be a possible explanation for the frequent occurrence of sports and reversions 
in C. vulgaris. However, individual plants of C. vulgaris do not reach high generation 
numbers during a typical production cycle in a horticultural company. Furthermore, 
the selection of spontaneously occurring mutants, i.e. sports, is a breeding method 
restricted not only to C. vulgaris. In contrast, such mutants have been exploited fre-
quently for the introduction of new varieties in ornamentals breeding in all commer-
cially relevant sectors, e.g. cut flowers and pot plants (Schum 2003). 
For this reason, the efforts to solve the EDV issues in C. vulgaris focused on the im-
plementation of a statistically reliable method. The system proposed for and applied 
to lettuce (Eeuwijk and Law 2004) was chosen for testing and adaptation since the 
underlying biological features were comparable to the circumstances of C. vulgaris. 
First, the applied marker system (AFLPs) was comparable to our already available 
RAPD- and ISSR-dataset with respect to random sampling characteristics (PCR 
priming). Although AFLPs have a higher performance in generating marker bands, 
the origin of AFLP fragments may be comparable to RAPDs and ISSRs. Second and 
analogue to C. vulgaris, a low genetic diversity could be assumed for lettuce, at least 
within the subgroups of economical relevance (Eeuwijk and Law 2004 and refer-
ences therein). However, the threshold described in Chapter 2.1. should not be inter-
preted as an universally applicable threshold for C. vulgaris, since each adaptation of 
the reference set with regard to a new set of varieties in question will lead to a slightly 
different threshold. 
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The term ‘fingerprinting’ was apparently derived from the human medical and forensic 
sectors. In and for humans, a fingerprint is capable of unambiguously identifying a 
human being by comparing its epidermal ridge structure vs. other people’s or a data-
base. Since no two identical fingerprints are known, this technique is accepted to be 
highly discriminative. The ‘genetic fingerprint’, mainly applied for certificates of par-
entage, is usually either founded on the PCR-based amplification of conserved 
VNTRs (variable number of tandem repeats) or STRs (short tandem repeats) since, 
e.g. the amount of STRs is a unique feature for each human being. Thus, the com-
parison of a sufficient number (usually 16) of maternal and paternal repetitions vs. the 
STRs of an assumed child facilitates the confirmation of maternity and paternity with 
a sufficiently statistical likelihood (see, e.g. Benecke 1997). In Germany, use of such 
diagnostic methods is regulated within the ‘GenDG’ (GenDG 2009). 
In contrast, ‘fingerprinting’ plant genomes is generally a different approach. Some 
types of random sampling techniques, e.g. RAPDs and AFLPs, only analyze a very 
small range of a usually non-defined and unknown region of a plant’s genome. Thus, 
the absolute amount of (mono- and) polymorphisms generated by one primer set, i.e. 
a single PCR reaction, is frequently insufficient to discriminate two plant genotypes in 
a statistically significant manner. By contrast, this is the case for human fingerprints. 
For this reason, several more primer combinations usually have to be incorporated 
and statistical tools and algorithms have to be applied to increase the probability of 
discrimination and to decrease the error rates when investigating plant genomes. 
However, in contrast to Homo sapiens, the possibilities to reproduce a plant species 
are manifold and range from selfing to back-crossing. Furthermore, depending on the 
technique, somatic mutations may lead to an alteration of the ‘fingerprint’ over gen-
erations. In addition, the underlying question for ‘fingerprinting’ plants usually devi-
ates from paternal relationships in humans, since, e.g. for EDV issues, dendrograms 
are constructed to investigate the relationship between two varieties at a defined 
point in time. The question regarding a common ancestor is irrelevant in this context. 
Hence, the premises and requirements of ‘fingerprinting’ are different in humans and 
plants.  
In order to emphasize these differences between fingerprints of the medical / forensic 
sector and plant biotechnology, I propose instead to call the snap-reading method of 
the ‘plant fingerprinting’ technique and its results a ‘genomic snapshot’ rather than 
‘fingerprinting’. This would reflect the capability of some methods to provide only an 
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outline of a current genomic situation more effectively. Besides, the connotation of 
‘fingerprinting’ and absolute reliability would be circumvented. 
However, the disadvantage described does not hold for all ‘fingerprinting’ methods 
applied in plants. Simple Sequence Repeats (SSRs) in plants are presumably com-
parable to the forensic ‘fingerprinting’ techniques in humans, since they are based 
upon definite sequence repeats (< 6 bp tandem nucleotide repeats) that are preva-
lently existent in plant genomes (every 7 kb to 1.5 Mb) and since common motifs 
were identified, e.g. (AAG/TTC)n (see Wolfe and Liston 1998 and references therein). 
 
 
3.2. Molecular Marker 
 
3.2.1. Summary of Results 
Previous results and experiences of breeders indicated a monogenic-recessive in-
heritance of the economically important ‘bud-flowering’ trait in a Mendelian fashion. 
This theory evolved from crossing experiments at the former Federal Centre for 
Breeding Research on Cultivated Plants, Ahrensburg. Several back-crossing proge-
nies approximately showed a 1 : 1 segregation of the flower types (‘wild-type’ : ‘bud-
flowering’). The production of several new back-crossing populations at the IGZ did 
not disprove this theory, since they typically segregated as expected (1 : 1 regarding 
the trait of interest, Table 1 in Chapter 2.2.). No independently segregating traits, e.g. 
foliage of flower color, could be identified within the larger populations. Nevertheless, 
the assumed ‘bud-flowering’ major gene is presumably influenced by one or more 
background genes and/or by unknown environmental effects, since segregation ra-
tios of up to 1 : 33 were detected (Table 3 in Chapter 2.2.1.). 
Within the single population (n = 68 individuals, segregation ratio 1 : 1) available at 
the start of the project, screening for molecular markers by RAPD (n = 120) and ISSR 
(n = 10) primers resulted in the identification of two polymorphisms closely linked to 
the economically most important trait of ‘bud-flowering’. With regard to the economic 
interests of the cooperating company, the markers are ciphered ‘A’ and ‘B’, respec-
tively. Both markers were only applicable in the original population used for primer 
screening and not in independent varieties (n = 49 individuals tested, Table 2 in 
Chapter 2.2.) or another back-crossing population (n = 119 individuals tested). 
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Cloning and sequencing of the ‘A’ marker resulted in the identification of a highly 
conserved Zn-Finger domain and the partial open reading frame (ORF) of a Nicoti-
namide-Adenine-Nucleotide (NADH)-dehydrogenase I. In addition, the 5’-flanking 
RAPD primer binding site was recognized. No putative function could be assigned to 
the sequence of the ‘B’ marker. Thus, sixteen 20 to 27 bp SCAR primers were de-
rived from the available sequences and combined to amplify several fragments be-
tween 0.4 and 1.1 kb in length. All nested primer combinations amplified monomor-
phic fragments in DNA bulks and individual plants of the screening population and, 
therefore, the initial polymorphism was lost. 
Pragmatically, further application of MAS in C. vulgaris would only be possible if 
novel markers were generated or new polymorphisms were detected within the 
monomorphic SCARs. As an initial step, therefore, the SCARs were analyzed for 
SSCPs: single-strand DNA was separated by polyacrylamide gel electrophoresis 
(PAGE). This assay resulted in the re-establishment of two polymorphisms within one 
of the 400 bp SCAR fragments: the additional fragments were traceable in the ‘wild-
type’ genotypes of the initial back-crossing population and not in the ‘bud-flowering’ 
genotypes. 
 
3.2.2. Discussion & Conclusions 
A genetic marker is a trait of at least two configurations (alleles) inherited in a Mende-
lian manner, frequently based on point mutations, e.g. SNPs or larger InDels that can 
be verified within one population of a species. Molecular markers. e.g. RAPDs or 
AFLPs, have fundamental advantages over morphological marker systems, e.g. phe-
notypic traits, since they are (i) not prone to environmental effects and – depending 
on the genome size of the organism and the technique applied – (ii) are theoretically 
available in a nearly infinite amount (Kumar 1999). 
 
The financial relevance of investigations regarding the establishment of molecular 
markers is considered the major aspect in C. vulgaris, since at least two years of 
breeding effort, i.e. crossing and selection attempts, are necessary to build up ade-
quate populations for the production of ‘bud-flowering’ genotypes. The ability to use 
molecular techniques as a diagnostic tool to identify the flower type before natural 
flowering occurs would save production space in the greenhouse for at least six 
months. Thus, the introduction of MAS in C. vulgaris is of great interest to breeders 
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since it may have the potential to reduce the funds required to breed ‘bud-flowering’ 
genotypes. 
Only few comparable examples exist in ornamental crops for functional molecular 
MAS systems aiming at a distinct phenotypic trait of both ornamental and economic 
relevance, e.g. a flower architectural trait (like ‘bud-flowering’ in C. vulgaris). Thus far, 
results have been provided by Scovel et al. (1998). These authors successfully con-
verted a cloned RAPD marker for flower doubleness in Dianthus caryophyllus to a 
functional RFLP (Restriction Fragment Length Polymorphism) marker. In 1999, Dun-
emann et al. published results regarding linkage maps and quantitative trait loci 
(QTLs) for leaf chlorosis and flower color in Rhododendron using RAPDs, RFLPs and 
microsatellite markers. Debener and Matthiesch (1999) presented results regarding 
the RAPD- and AFLP-based mapping of genes for petal numbers and flower colors in 
Rosa hybrida. 
 
Due to the postulated monogenic mode of inheritance of the ‘bud-flowering’ trait in 
C. vulgaris, BSA is considered an appropriate method to screen for molecular mark-
ers (Michelmore et al. 1991). This technique implies the creation of DNA bulks in 
each group – the ‘wild-type’ and the ‘bud-flowering’ flower type – and the screening 
of these bulks using, e.g. a random PCR assay (here: RAPDs, ISSRs). 
Since ‘bud-flowering’ is assumed to be inherited as the recessive allele in Mendelian 
fashion, detection of a PCR fragment in coupling phase to the ‘wild-type’ was more 
probable. Thus, the two bulks were differentiated by a single band: the dominant 
group (‘wild-type’) showed the band while the fragment was absent in the recessive 
group (‘bud-flowering’). In repulsion phase linkage, both bulks would have shown the 
fragment and, using a codominant marker system instead of dominant RAPDs, two 
fragments would be amplified, one from each allele. Hence, the dominant group 
would show both bands while the recessive group would only show one band. How-
ever, the coupling phase RAPD markers available are unable to discriminate be-
tween homozygote and heterozygote individuals of the ‘wild-type’ fraction. In addi-
tion, screening a population for the absence of a PCR fragment is less eligible since 
this absence may also be due to PCR reaction failures instead of a missing allele. 
Both detected coupling phase RAPD markers were not applicable beyond the original 
screening population. Analysis of the fragment’s sequence did not reveal specific 
gene functions related to any flower trait or organ compartment. Instead, a Zn finger 
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domain and an NADH dehydrogenase I were identified, which are highly conserved 
and widely distributed proteins. NADH dehydrogrenases are mitochondrial trans-
porter proteins for electrons, while Zn fingers are usually involved in DNA / RNA bind-
ing (transcription factors). Thus, assumptions regarding potential explanations for the 
occurrence of the markers in only one population are not possible based on this se-
quence information. 
 
For this reason, efforts were made to improve the RAPD markers by increasing their 
specificity. This is frequently achieved by the transformation into Sequence Charac-
terized Amplified Region (SCAR) markers (see, for example, Paran and Michelmore 
1993). These markers theoretically offer an increased PCR-specificity and decrease 
the potential risk of identification of false-positives or false-negatives by means of an 
eventually existent low reproducibility of RAPD-PCR. In actual fact, the main applica-
tion of improved SCAR markers and possibly a result of the economic significance of 
these factors are resistance traits, e.g. the selection for apple scrab resistance using 
RAPDs in Malus floribunda (Yang and Krueger 1994), the identification of molecular 
markers (AFLP, RFLP, SCAR) linked to the black spot resistance gene in Rosa sp. 
(Malek et al. 2000) or the selection for Fusarium resistance in D. caryophyllus using 
RAPD and RFLP techniques (Scovel et al. 2001). A recent work in Fragaria vesca 
(Albani et al. 2004) reported the successful development of ISSR-derived SCAR 
markers for SFL (SEASONAL FLOWERING LOCUS), and Scheef et al. (2003) de-
scribed the improvement of species-specific SCAR markers in bentgrass (Agrostis 
spp.). 
If SCAR primers are designed to include the initial RAPD binding sites, it may be 
possible to circumvent the loss of the polymorphism (see, for instance, Scheef et al. 
2003, Zhang and Stommel 2001). This applies to cases where the RAPD binding site 
was identified by cloning instead of direct sequencing (Hernandez et al. 2003). If this 
approach is not possible, e.g. due to gaps within or missing ends of the sequence 
data, nested SCAR primers are designed from within the RADP fragment, thereby 
ignoring the specific site that originally introduced the polymorphism. Hence, the 
primers will (and frequently do) amplify monomorphic fragments, i.e. fragments that 
occur in both pools – which was true for all developed SCAR primer combinations in 
C. vulgaris, even if the one available RAPD binding sites was covered by the elon-
gated primers. Thus, the development of functional SCAR markers failed for 
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C. vulgaris. In case of the 1.2 kb marker, the belatedly assumed cloning of multiple 
(at least) two PCR fragments may be an explanation. Regarding the 2.5 kb marker, 
the full length sequence of the fragment was absent. Hence, only one of the RAPD 
primer binding sites could be integrated into SCAR primers, which is not a positively 
supporting element for successful SCAR marker development. However, even SCAR 
primers designed from cloned RAPD fragments do not allow the preservation of poly-
morphisms that were initially based on simple RAPD primer mismatches. 
 
Recovery of such an initial but lost polymorphism, e.g. by a co-dominant marker sys-
tem with increased benefits, can be achieved using a variety of techniques, e.g. 
SSCP-analysis (Orita et al. 1989). SSCP studies include the denaturing of the DNA 
and the electrophoresis of these samples on a special non-denaturing polyacryla-
mide gel. Applying this technique, the single strand DNA (ssDNA) strands differen-
tially migrate within a gel matrix due to the conformational differences that are 
formed. These differences are the result of one or several SNPs within the mono-
morphic fragment, which cannot be detected using standard electrophoresis condi-
tions. By applying this technique, two different ssDNA fragments within individuals of 
the ‘wild-type’ pool of the initial segregating population were identified. In accordance 
to the initial RAPD marker, differing banding patterns between ‘normal-‘ and ‘bud-
flowering’ individuals were identified, although the rate of false positives was higher 
for the SSCP fragments (6.9% to 9.3%) compared to the RAPD ‘A’ marker (2.3%). 
With regard to the practical applicability of the marker system within horticultural and 
breeding companies, the SSCP technique could be considered unfavorable when 
compared to common agarose gel electrophoresis, due to its sophisticated technical 
requirements. Acquisition of the necessary equipment for this type of analysis is quite 
unrealistic for medium-sized breeding companies, which are in the majority in the C. 
vulgaris community. 
 
The occurrences of deviating segregation ratios (Table 3, Chapter 2.2.1.) indicates 
the existence of additional factors influencing the feature characteristics of the ‘bud-
flowering’ trait. On the one hand, these factors may be of environmental terms, e.g. 
temperature and light conditions on the day of pollination or during the germination 
phase. This supposition may fit to crossings #3 and #4, since in these cases the 
same parent individuals were used. However, both populations differed markedly in 
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their total number of seeds (#3: 52; #4: 132) and in their germination rate (#3: 0.94; 
#4: 0.18), respectively. On the other hand, genetic preconditions which may range 
from differing pollen acceptabilities of different crossing combinations to a diverse 
genetic fitness of seeds of, e.g. the ‘bud-flowering’ type may influence the segrega-
tion ratios. Furthermore, the assumption of simple monogenic inheritance by a major 
gene may be imprecise if one or several more background genes are taken into ac-
count that may regulate the anticipated recessive allele of the ‘bud-flowering’ trait. 
 
Hence, in order to obtain adequate practicability, further improvements of the ‘bud-
flowering’ trait marker are essential. 
The development of CAPS markers (see e.g. Zhang and Stommel 2001) is a promis-
ing approach. These markers are either created by the digestion of monomorphic 
SCAR-fragments from both bulks with randomly chosen restriction enzymes, which 
may result in polymorphic banding patterns. Or, which is the more pragmatic proce-
dure, SCAR fragments from several genotypes of each pool are cloned and se-
quenced. As a result, polymorphisms (e.g. SNPs, InDels) may become detectable 
that could enable the identification of trait-related recognition sites for restriction en-
zymes. Using this technique, SCAR fragments of both pools could be differentiated in 
agarose gels by simple restriction assays due to differing digestion patterns. 
The discriminative effectiveness of a repulsion phase marker is much higher than its 
coupling phase pendant (Haley et al. 1994). Thus, re-screening C. vulgaris back-
crossing populations by BSA in combination with AFLP markers is assumed to be 
more efficient for targeting monogenic traits (Wehling 1998), although co-dominant 
marker systems, e.g. micro-satellites, are generally preferred. 
 
 
3.3. The Flower 
 
3.3.1. Summary of Results 
The investigation of disputable and unknown flower organ identities in C. vulgaris 
was accomplished by combining phenotypic and molecular analysis. 
The morphological analyses comprised the macroscopic study of mature flowers, the 
imaging of the epidermal cell structure of the perianth by Scanning Electron Micros-
copy (SEM) and the histological analysis of flower development. All aspects were 
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comparatively investigated for the ‘wild-type’ and the economically important ‘bud-
flowering’ type. As a prerequisite for any prospective molecular experiments, the first 
partial sequences of two C. vulgaris MADS-box transcription factors were identified 
and analyzed. Using 3’-RACE-PCR, C-terminal sequences of a B-like (AP3/DEF) and 
E-like (SEP1/2) gene were cloned. The identities of these genes were confirmed by 
BLAST and motif analysis: the C. vulgaris AP3/DEF-like gene CvAP3 [GQ202026] 
contained the euAP3 and the PI-derived motif, the C. vulgaris SEP1/2-like gene 
CvSEP1 [GQ202027] contained the SEP I and the SEP II motif (Chapter 2.3.1.). A 
statistical significant phylogenetic classification of these genes was not possible, pre-
sumably due to the common high variability of C-terminal sequences (Chapter 
2.3.2.). 
The identified genes were targeted for expression analysis by qRT-PCR in different 
flower organs. Expression levels of CvAP3 gradually decreased from petals over se-
pals to bracts in both flower types. However, an almost fourfold higher expression 
was observed in petals of the ‘wild-type’ genotypes compared to its ‘bud-flowering’ 
counterpart. CvSEP1 expression did not differ markedly between whorl I and whorl II 
organs of both flower types, but was clearly lower in the outermost whorl of green 
leaves. Both genes were expressed in vegetative tissue (foliage) which is quite un-
usual; however, the accordance of the PCR product with the predicted amplicons 
was confirmed by cloning and sequencing. 
Macroscopical analysis revealed, that the ‘wild-type’ may be described by the floral 
formula Ca4Co(4)A8G(4), the most common ‘diplocalyx’ subgroup of the ‘bud-flowering’ 
type by Ca4+4Co0A0G(4), respectively, whereas the ‘bud-flowering’ variety ‘David 
Eason’, which presumably represents a characteristic class B gene deficiency mu-
tant, is represented by Ca4+4Co0A0G(8+4) (Ca: Calyx; Co: Corolla; A: Androecium ; G: 
Gynoecium). These formulas imply for the ‘bud-flowering’ phenotype it is deficient 
both of petals (Co0) and stamens (A0). On the one hand, this hypothesis is morpho-
logically supported by the absence of ‘dome-shaped’ epidermis surface cells in 
whorl II organs; however, the overall number of colored leaves and their positioning 
has not changed in comparison to the ‘wild-type’. On the other hand, staining and cell 
structure appearance of stamens, petals and sepals were comparable by histological 
analysis: the bases of stamens and petals looked similar in the ‘wild-type’ phenotype, 
whereas in the ‘bud-flowering’ type, both whorl I and whorl II organs resembled each 
other. Moreover, we confirmed the lack of stamens during the floral developmental 
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process in the ‘bud-flowering’ phenotype since neither evidence for organ primordia 
nor belated abortion of preceding initiated stamens were observed. 
The combined evaluation of molecular (expression levels of CvAP3 and CvSEP1) 
and macroscopical (occurrence of stomata, coloring) data for the outermost whorl of 
green leaves allowed to classify these organs as bracts. 
As another prerequisite for prospective genomic application, the genome size of C. 
vulgaris (~1.18 pg/2C, ~1,154 Mbp) was determined by flowcytometry. 
 
3.3.2. Discussion & Conclusions 
A flower is concertedly, although not comprehensively defined as a ‘determinate, 
compressed, bisexual reproductive axis composed of megasporangia (carpels), mi-
crosporangia (stamens) and a sterile perianth composed of at least one sterile lami-
nar organ’ (see, e.g. Bateman et al. 2006, Baum and Hileman 2006, Theissen and 
Melzer 2007). More generally, the flower is one of the major breeding targets in or-
namental crops since it has a significant impact on the overall attractiveness of the 
plant. In addition, the event of flowering, i.e. the transition from the vegetative to the 
generative stage, is an essential component of the developmental process in angio-
sperms that assures reproduction and the continuance of the species (Tan and 
Swain 2006). 
The identification of floral homeotic genes whose regulative transcriptional functions 
are known to play an important role in flower organ identities and development led to 
the genetic ‘ABC’-model (Coen and Meyerowitz 1991) and its extension regarding 
class D (Angenent et al. 1995, Colombo et al. 1995) and class E genes (Pelaz et al. 
2000, 2001a, 2001b, Ditta et al. 2004). A molecular-based support results from the 
‘floral quartet’ model (Theissen 2001). The ‘ABCDE’-model is applicable to an exten-
sive array of angiosperms (Kim et al. 2005), but not to all (Bowman 1997). 
The essentials of the ‘ABCDE’-model are the MADS-box transcription factors that 
control other genes whose products are directly or indirectly involved in flower organ 
identity (Theissen and Melzer 2007). Most MADS-box proteins are of the MIKC-type 
in which the MADS-domain is (i) the most conserved domain and (ii) the key determi-
nant of DNA binding within the ‘CArG-Box’ (‘CC-A rich-GG’, 5’-CC(A/T)6GG-3’, The-
issen and Melzer 2007). MADS-box genes have been identified in eudicots, mono-
cots and even in humans (Krizek and Fletcher 2005). The amount of genes per flow-
ering organism may exceed 100 (A. thaliana: 107, Teeri et al. 2006). Known regula-
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tive mechanisms of MADS-box genes are several genes of the flowering initiation 
phase, e.g. LFY (LEAFY) or UFO (UNUSAL FLOWER ORGANS). In addition, mi-
croRNAs (miRNAs) and epigenetic controls (e.g. methylation or chromatin remodel-
ing) are currently being discussed and investigated as additional regulative factors 
(Zik and Irish 2003). 
 
Since only minor variations of gene activities are responsible for the wide range of 
flower morphology observations (Goto et al. 2001, Smyth 2001), investigations of 
homologs are applicable even in genera lacking sequence information, as is the case 
for C. vulgaris. Elucidation of the homeotic flower organ identity genes and the flower 
development is therefore a feasible research field that may also have a high practical 
impact on both agricultural and ornamental crops. 
Nevertheless, alterations of the flower shape in some non-eudicot species (which 
include approx. 25% of angiosperm species (Buzgo et al. 2005)) necessitated modifi-
cations of the ‘ABCDE’-model. In Tulipa and other Liliaceae (monocots), for example, 
the two outmost whorls consist of colored (pigmented) so-called tepals. The Viridi-
flora mutants of Tulipa (van Tunen et al. 1993) transform their first two whorls of tepa-
loid organs into sepals and the stamens of whorl III into carpels, respectively. Thus, it 
was suggested that class B transcription factors are expressed in these three whorls. 
Hence, the outer boundary of the B genes has moved towards the outer rim of the 
flower whorls and therefore, it is termed as ‘shifting boundary’ (Bowman 1997) or 
‘sliding boundary’ (Kramer et al. 2003) model. Viridiflora mutants have also been de-
scribed for roses (green rose, Rosa chinensis, Judd 2002). In Amborella trichopoda 
(Amborellaceae, phylogenetic classification unknown, Stevens 2001) gradual mor-
phological transitions between the different organ types have been reported (Buzgo 
et al. 2004), e.g. the tips of the inner tepals resemble the connective tips of the sta-
mens. Supported by expression analysis of B-function homologs (Kim et al. 2005), 
these finding led to the formulation of the ‘fading borders’ model, in which these con-
tinuing morphological changes are explained by different levels of expression of the 
floral organ identity regulator factors. Figure 13 (next page) comparatively outlines 
the three described models. 
Gene expression patterns and morphological analyses of the remarkable diversity of 
floral structures in angiosperms suggest the ‘ABCDE’-model to be a ‘derived condi-
tion’ (Soltis et al 2006) i.e. a state derived from an ‘ancestral program’. Furthermore, 
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the ‘silding boundary’ model has presumably developed independently for monocots 
(e.g. Tulipa) and basal eudicots (e.g. Ranunculus, Soltis et al. 2006). Hypothetically, 
the ‘fading border’ may reflect the ancestral program from which the other models 
were derived. 
 
 
Figure 13: Comparison of classic ‘ABCDE’-model of floral organ identity (A) with sliding boundaries 
(B) and fading borders (C) models (reproduced from Soltis et al. 2006, Figure 1). 
 
As a conclusion, the analysis of gene expression of two identified MADS-box genes 
in C. vulgaris showed once more that the strict application of these models is not fea-
sible in every situation i.e. for every species. Therefore, this molecular approach to 
clarify flower organ identity requires completion by cloning and analysis of the re-
maining transcription factors. For example, it is known that both AP3 plus PI (Geuten 
et al. 2006) and SEP3 genes can concertedly regulate perianth morphology, e.g. in 
A. thaliana (Urbanus et al. 2009). 
The created phylograms for C. vulgaris (Figure 10, Figure 11) may provide access to 
the phylogenetic progress of a species or, more obvious, of the gene itself. However, 
they provide a deviant view on the phylogeny more often than those trees based on 
data usually used for phylogenetic analysis i.e. chloroplast DNA. This is a conse-
quence of the origin and quality of the data. On the one hand, MADS-box genes con-
tain the conserved MADS-box and therefore, the resulting tree does not precisely 
correspond to the phylogeny i.e. similarities may be overestimated. On the other 
hand, C-terminal ends comprise conserved motifs, too (Figure 8, Figure 9) but addi-
tionally, they are known to be highly variable in sequence (Zahn et al. 2005). Thus, 
homology may even be underestimated. Presumably due to the short length of the C. 
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vulgaris sequences CVAP3 and CVSEP1, the presented phylograms do not satisfac-
torily resolve the phylogenetic relationships. Full length cloning of these genes may 
improve the situation. 
 
The flower shape is a key trait related to the overall attractiveness of ornamental 
crops: the regulation of the expression of floral regulators allows the direct modifica-
tion of the flower shape. By altering expression profiles of the class ABCDE genes, 
any floral organ type can be generated in any whorl (Krizek and Fletcher 2005). 
For example, filled / double flowers are valuable to the horticultural industry. Accord-
ing to the ‘ABCDE’-model, these flowers are usually a result of a class C deficiency, 
since antagonistic class A genes are expressed as a substitute in the inner whorls, 
and thereby induce (i) the loss of flower determinacy and (ii) the formation of sepals 
and petals. Partially filled flowers have already been achieved by genetic modifica-
tions in Gerbera (Asteraceae). Teeri et al. (2006) describe the ‘Regina’ variety, which 
was transformed with an antisense C-function construct (GAGA2); thus additional 
petals and indeterminate meristems were formed (Yu et al. 1999). By way of trans-
formation with a B-function gene (35S-GGLO1), the cosuppression of GGLO1 re-
sulted in the development of pappus hairs instead of petals (Yu et al. 1999). In Chry-
santhemum morifolium (Asteraceae), Aida et al (2008) were able to partially induce a 
secondary corolla within the ray florets by an Agrobacterium-mediated transformation 
with an antisense Chrysanthemum-AGAMOUS-homolog. 
In lily (Lilium spp.), the ‘Aphrodite’ variety converts its stamens into petals but main-
tains its carpels and floral determinacy in ‘wild-type’ style (Akita et al. 2008). An in-
vestigation into this unusual C-mutant revealed a reduced C-class gene expression in 
whorl 3 and the morphological similarity of whorl 3 petals with the tepals in the outer 
whorls. The further reduction of C-gene expression in lily flowers by genetic engineer-
ing assays would therefore allow the induction of double-flowered lilies (Akita et al. 
2008). 
With respect to the flower shape of C. vulgaris, which is a major feature of attraction 
in this ornamental crop, the investigation and initial clarification of the underlying mo-
lecular and morphological features were necessary. Isolation of the first MADS-box 
sequences in C. vulgaris (CvAP3, CvSEP1) and analysis of their expression repre-
sented the first step towards the molecular-based understanding of flower organ 
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identity. The morphological characterization of organ homology may be a supplemen-
tary and supporting advancement. 
Naturally occurring C. vulgaris phenotypes with changed flower morphologies are 
already known, albeit uncharacterized. For example, the filled ‘Radnor’ variety (Fig-
ure 1CD of Chapter 2.3.) is assumed to be a potential candidate for C-function dele-
tion. Furthermore, the ‘David Eason’ variety (Figure 4C of Chapter 2.3.) develops car-
pels instead of stamens; in addition to the morphological appearance of its petaloid 
sepals, which are comparable to the corresponding organs of the standard ‘bud-
flowering’ type, this variety may be a candidate genotype for B-gene deletion in 
whorls II and III. 
 
Thus, our results may be a useful starting point for prospective approaches to alter 
flower shapes in C. vulgaris by genetic engineering techniques. Until now, however, 
in vitro propagation of C. vulgaris was only shown to be functional for axillary shoot 
producing cultures for one variety (Gebhardt and Friedrich 1987), and an efficient 
transformation protocol for this woody species is absent. Hence, the specific produc-
tion of ‘bud-flowering’ genotypes is a task that lies in the distant future. Nonetheless, 
C. vulgaris usually flowers each year and, provided optimal propagation and cultiva-
tion conditions are given, is able to flower only a few months after cutting multiplica-
tion or sowing. Thus, further experiments targeting the homeotic MADS-box genes 
and their upstream regulators are conceivable in principle due to the positive precon-
ditions. 
Genetic engineering has developed into a breeding method of interest for ornamen-
tals (see, e.g. Tanaka et al. 2005 and Chandler and Tanaka 2007 and references 
therein) as it may support traditional breeding techniques. However, negative public 
acceptance regarding the application of genetic engineering and biotechnological 
techniques in food and plant science both in the USA and Europe (Klingemann et al. 
2006) will presumably hinder any practical implementation in both agricultural and 
ornamental crops (see, e.g. Debener and Winkelmann 2009 and references therein). 
Modification of the flower shape is only one of the targets of genetic engineering; until 
now, results in ornamental crops have been published for, e.g. flower color modifica-
tions of gerbera (Lu et al. 2003), carnation (Florigene Moon® series, Chandler and 
Tanaka 2007 and references therein) and rose (Katsumoto et al. 2007) or for modifi-
cations of post-harvest features (vase life) in carnation (Chandler 2007). Variation of 
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the flower color is usually targeted by influencing the metabolic pathway of flavon-
oids, which are considered most important for flower colors from red to blue. In rose, 
(Katsumoto et al. 2007) transgenic plants expressed a flavonoid 3´,5´hydroxylase 
introduced from viola, that led to the accumulation of delphinidine and relatively blue 
flowers from these experiments. Although such ‘blue roses’ have never been 
achieved by traditional breeding efforts, the transgenic plants have not yet been mar-
keted. However, Florigene (http://www.florigene.com, as at May 2009) ‘considers 
merchandising after production, distribution, and sales structures have been properly 
established’. 
A blue Calluna would be an interesting breeding target, too (Heidepflanzen de 
Winkel, pers. comm.), since the common flower colors only range from white to lilac. 
Nonetheless, in-depth knowledge is even lacking for the well understood metabolic 
pathways of anthocyanins (Debener and Winkelmann 2009 and references therein) 
in this species. Such an approach towards the improvement of breeding in C. vulgaris 
is therefore rather unrealistic at present. 
 
Furthermore, data from molecular analysis of floral regulator genes is applied to 
study evolutionary pathways in and of model organisms, for example in orchids (see, 
e.g. Mondragón-Palomino and Theissen 2009). As with lilies and tulips, the flowers of 
the Orchidaceae (monocot) consist of two whorls of petaloid organs (tepals) sur-
rounding the inner reproductive organs. But even the tremendous morphological di-
versity of orchid flowers can be explained by an underlying genetic code (the ‘orchid 
code’, Mondragón-Palomino and Theissen 2008), which is once again based on 
known floral homeotic MADS-box genes. In this adapted model, the function of DEF-
like B genes is distributed to four different clades, but the functions of class A and 
class C genes, as well as of GLO-like class B genes, remain untouched (Mondragón-
Palomino and Theissen 2008). However, this functional divergence in class B gene 
expression patterns is able to explain the development of the different tepal organs of 
the orchid perianth: expression of clade 1 and 2 leads to the three outer tepals, ex-
pression of clades 1, 2 and 3 specifies the lateral tepals and the simultaneous ex-
pression of all four clades of DEF-like genes leads to the development of the lip. 
Thus, identification of additional MADS-box genes in C. vulgaris and related genera 
may eventually account for the phylogenetic clarification of the disputable relationship 
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of the Ericales, since this order is still a polytomic group within the asterids (Stevens 
2001). 
 
The main drawback for any comparative genetic study of the flower morphology in 
perennial plants such as C. vulgaris is the separate and distinguishable juvenile and 
adult phase. The transition between these phases only affects some meristems, 
since continued growth is maintained by other meristems resting in their vegetative 
state (Tan and Swain 2006). The duration of the juvenile phase is species-dependant 
and can last, e.g. for the Citrus tree (Davis and Albrigo 1994), from two to more than 
ten years. Although sequences of some woody plants have already been isolated, 
e.g. from apple (Malus sylvestris, e.g. Kotoda et al. 2000), eucalyptus (Eucalyptus 
grandis, e.g. Dornelas et al. 2004), citrus (e.g. Endo et al. 2005) and wild rose (Rosa 
rugosa, Matsumoto and Fukui 2007), the confirmation of the gene function within mu-
tants of woody plants is complex. On the one hand, the need for intact and mature 
plants is a simple task in annual plants but complicated and time-consuming in per-
ennials. Thus, long generation times usually hinder their practical application and in-
vestigation. On the other hand, limited genetic knowledge of the respective crop is a 
common and supplementary disadvantage of woody perennials within these sur-
roundings (Tan and Swain 2006). However, perennial flowering genes function like 
their A. thaliana counterparts (Wilkie et al. 2008). 
Instead of ‘horticultural trees’ (Wilkie et al. 2008), the rose may become the model 
organism for studying the flowering process in perennial plants (Foucher et al. 2008) 
since it is capable of recurrent blooming and moreover, the juvenile phase is reduced 
to six to eight weeks (Foucher et al. 2008). 
 
The control of flowering also includes understanding floral initiation. From the 
breeder’s point of view, the critical parameters for initiation of flowering in C. vulgaris 
were already outlined by Dixon and Dutton (1987) and Kwolek and Woolhouse 
(1982). Flowering in C. vulgaris is induced by long-day treatment and inhibited by 
short-day conditions. Temperatures above 14°C promote flowering, too. Breeding C. 
vulgaris could be fundamentally improved, i.e. accelerated, if additional flowering pe-
riods were available for crossings, since each additional flowering season per year 
would allow a doubling of the amount of crossing combinations. This intention neces-
sitates a reproducible system for flowering control under practical circumstances, i.e. 
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light and temperature conditions should be easily deployable in small breeding com-
panies using typical horticultural equipment. 
However, light and temperature are not the sole factors controlling flower initiation in 
either annual or perennial plants, although the mechanisms and effective environ-
mental factors are deemed to be similar (Wilkie et al. 2008). Apart from photoperiodic 
events, floral induction is known to be induced by gibberellins and vernalization 
mechanisms. The underlying genetic factors involved (e.g. FT (‘florigen’, FLOWER-
ING LOCUS T), the floral meristem identity gene LFY and FRI (FRIGIDA)) are well-
known in A. thaliana and have therefore already been partially identified in woody 
species (Wilkie et al. 2008 and references therein). 
Thus, comprehensive additional efforts at both the molecular level and at the envi-
ronmental stage are crucial to achieving a sustainable advance in breeding the most 
valuable trait of C. vulgaris – the flower. 
 
 
3.4. Perspectives for C. vulgaris 
 
3.4.1. Breeding 
Improving the breeding conditions of C. vulgaris is closely linked to the enhancement 
of the genetic diversity available for crossing. For this reason, exploitation of the natu-
rally available gene pool is an essential task in order to consequently breed for inter-
esting traits. In addition, a global gathering of wild type species may be profitable. 
Based on such a reference collection, systematic crossings that exploit important 
traits, e.g. an extended winter hardiness from wild samples or additional flower col-
ors, should be performed. Further breeding targets of economical relevance are the 
foliage colors, flower size, date of flowering or elongation of the flowering time (Hei-
depflanzen de Winkel, pers. comm.). New growth habits, e.g. a more compact foliage 
structure, would enable easier handling during the pruning stages (Heidepflanzen de 
Winkel, pers. comm.). These quantitative traits require concerted breeding, which has 
not yet been performed in C. vulgaris. Compared to other ornamental crops, breeding 
in C. vulgaris is still assumed to be at the early stage. 
In parallel, it is necessary to optimize the selection process concerning its expendi-
ture of time and general effectiveness. This implies the definition of the most impor-
tant traits as applicable selection criteria, since these economically relevant criteria 
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do not necessarily match the DUS criteria for variety discrimination. Additionally, 
breeding could be improved by optimizing the crossing strategy itself since, up to 
now, explanations for the observed diverse crossing results, i.e. fertilization suc-
cesses, remain unclear. Thus, perfecting the pollination technique regarding the fac-
tors time, manual labour and crossing combinations could be useful. Furthermore, 
the capability of reproducibly controlling the flower induction mechanism in 
C. vulgaris would be helpful, since repeated belated crossings of the biological re-
production cycle in autumn would become feasible. 
In addition, the circumvention of crossing barriers with other genera, e.g. by embryo 
rescue techniques, is a continuative assay to further advance the genetic diversity of 
ornamental crop C. vulgaris. 
 
3.4.2. Molecular research 
With regard to the economically most significant ‘bud-flowering’ trait, two key tasks 
are available for prospective research. First, clarification of the flower organ muta-
tion(s) underlying this phenotype would be a helpful prerequisite for prospective 
breeding strategies. Second, a diagnostic molecular marker is presumably able to 
improve the breeding process. These two pathways should be pursued in parallel. 
 
However, the establishment of a diagnostic marker may require the generation of 
new and preferably larger segregating populations. These could be used for further 
predictions regarding the mode of inheritance of the ‘bud-flowering’ trait as well as for 
mapping strategies, since markers linked more closely to the trait of interest are iden-
tifiable in larger populations. For such mapping strategies, a methodological switch to 
molecular techniques that allow superior throughput and performance, e.g. AFLPs, 
should be considered. The newly generated populations could be (i) screened for 
additional marker loci and (ii) used for fine-mapping of the trait of interest. In parallel, 
these populations would assist in the identification of co-segregating traits. Neverthe-
less, supplementary efforts should be initiated to improve the available RAPD mark-
ers by, e.g. re-sequencing the fragments or design of functional SCAR or CAPS 
markers.  
 
Future research efforts in the area of flower organ identity in C. vulgaris may target 
the molecular basics of the ‘bud-flowering’ trait. The identification of additional flower 
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organ-related homologs is therefore a requirement, which could be accomplished by 
additional RACE experiments targeting the remaining MADS-box transcription factors 
and their improvement by full-length cloning. Another promising but technically more 
sophisticated approach towards differential expression patterns of ‘wild-type’ and 
‘bud-flowering’ genotypes would be the construction of SAGE (serial analysis of gene 
expression) databases. Although SAGE analysis does not require existent sequence 
information, its value for a species lacking molecular data, such as C. vulgaris, re-
mains to be seen. However, the approach would be independent of any knowledge 
regarding candidate genes. Recognized gene sequences could be exploited towards 
primer design for expression studies in flower tissues. 
Due to the small genome size of C. vulgaris, the development of a BAC library may 
be a feasible advancement for C. vulgaris genomics, since even new genes may be 
discovered by (partial) sequencing of the library. 
Finally, the specific production of ‘bud-flowering’ genotypes by genetic engineering, 
i.e. the specific induction of the ‘bud-flowering’ trait while maintaining all other desir-
able features of an individual, may be assumed to be the ultimate target of a C. vul-
garis breeder. However, the nonexistent public acceptance of genetically modified 
plants is presumably the major obstacle to the successful commercial launch of such 
plants. 
 
3.4.3. Final conclusion 
Besides the establishment of publicly available molecular data concerning genotyp-
ing issues and flower organ identity, morphological observations of valuable charac-
teristics of C. vulgaris were published. Furthermore, the generation of segregating 
populations led to the formulation of a hypothesis regarding the inheritance of the 
economically most significant ‘bud-flowering’ trait and the establishment of a related 
basic MAS system initially showed the applicability of molecular techniques with rele-
vance to practically important traits within this species. 
The results presented within this thesis and the derived conclusions and indications 
may be useful to the future improvement of breeding strategies in C. vulgaris. Al-
though implementation of molecular methods is still at the initial stage in this species, 
this thesis has demonstrated the basic feasibility of a set of methods that could offer 
quite different perspectives for prospective usages. 
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4.1. List of Figures 
 
# Title page 
Figure 1 Distribution map of C. vulgaris (A, reproduced from UKHS) and the Erica-ceae (B, reproduced from Stevens 2001). 11 
Figure 2 
Strict consensus of 96 trees found in the combined analysis of morphology, 
matK, and rbcL data for 59 taxa of Ericaceae. gaps scored as missing data, 
bootstrap values above lines. Rhodo = Rhododendron; Therorhod = Theror-
hodion; Vacc = Vaccinium (reproduced from Kron et al. 2002, Figure 7). 
13 
Figure 3 
Shoots of C. vulgaris with mature flowers. Left: ‘wild-type’ variety ´White 
Mite´, right: ‘bud-flowering’ variety ´Anneliese´ (reproduced from Borchert et 
al. (2008), Figure 1). 
14 
Figure 4 
The genetic ABC+DE model and the quartet model. The ABC model states 
that A-function genes, such as AP1 in Arabidopsis, are necessary for the 
formation of the sepals, B-function genes, which include AP3 and PI in 
Arabidopsis, along with A-function genes, are necessary for the formation of 
the petals and B-function, along with C-function genes, which in Arabidopsis 
includes AG, are necessary for the formation of the stamens, and C-function 
genes alone are necessary for the formation of the carpels. This has been 
expanded to include class D- and E-function genes, which are necessary for 
the ovules and whorls of the flower, respectively. D-function genes in Arabi-
dopsis include SEEDSTICK (STK) and SHATTERPROOF1 and SHATTER-
PROOF2 (SHP1, SHP2). E function sensu lato requires at least one of the 
four SEPALLATA (SEP1, SEP2, SEP3, and SEP4) genes. The floral quartet 
model expands on this idea using data from protein interaction studies (The-
issen 2001; Theissen and Saedler 2001). In this figure the hypothesized 
quartets, based on experimentally determined dimeric or multimeric protein 
interactions, necessary for each floral organ are presented (reproduced from 
Zahn et al. 2005, Figure 2). 
23 
Figure 5 
two-dimensional PCA of the C. vulgaris RAPD- and ISSR-dataset, formerly 
used for dendrogram construction. Coefficient: Pearson product-moment 
correlation (NTSYSpc) Erica spp.: E. carnea, E. tetralix; wild-types I: Ruhla, 
San Remo; wild-types II: Löhnstein, Niederohe, Tiefenthal (Lüneburger 
Heide) 
39 
Figure 6 
Identifying essential derivation in C. vulgaris III. Randomly selected individu-
als of two independent back-crossing populations, the parents of the cross-
ing and the associated F1 individuals were tested according to Borchert et al. 
(2008). bf: ‘bud-flowering’ parent; wt: ‘wild-type’ parent; F1(x): individual of 
the F1 population used for back-crossing, x: internal number; back-crossing 
individuals are described by ‘x_y’, referring to an internal crossing number x 
and the consecutive individual number y; black, filled measurements: proof-
of-concept sets as described in Borchert et al. (2008). 
41 
Figure 7 
Identifying essential derivation in C. vulgaris IV. Known EDV-cases (identi-
fied from official documents, websites or pers. comm.) and known non-EDV-
cases (as known from official documents) were tested according to Borchert 
et al. (2008). Black, filled measurements: proof-of-concept sets as described 
in Borchert et al. (2008). 
42 
Figure 10 
Consensus tree of nucleotide alignments (ClustalW2) of CvAP3. Best-fit 
model GTR+I+G selected by AICc (corrected Akaike Information Criterion, 
PaupUp), base frequencies 0.3048 (A), 0.2147 (C), 0.2521 (G), 0.2284 (T), 
burnin = 8500. Internal edge labels (MrBayes) are equivalent to posterior 
probability values. 
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Figure 11 
Consensus tree of nucleotide alignments (ClustalW2) of CvSEP1. Best-fit 
model HKY+I+G selected by AICc (PaupUp), base frequencies 0.3364 (A), 
0.2244 (C), 0.2278 G, 0.2113 (T), Ti/tv ratio = 1.3025, Burnin = 700. Internal 
edge labels (MrBayes) are equivalent to posterior probability values. 
91 
Figure 8 
Alignment of the C-terminal region of C. vulgaris AP3 and its homologs, used 
for tree construction. The regions designated as motifs are inverted or boxed 
and labeled as PI Motif-Derived and EuAP3, respectively (according to 
Kramer et al. 1998). 
88 
Figure 9 
Alignment of the C-terminal region of C. vulgaris SEP1 and its homologs, 
used for tree construction. The regions designated as motifs are inverted and 
labeled as SEP I and SEP II, respectively (according to Zahn et al. 2005). 
88 
Figure 12 
The concept of different thresholds to discriminate between essentially de-
rived and independent varieties based on their GD (genetic distance) to an 
initial variety. (reproduced from Heckenberger 2004, Figure 1). 
95 
Figure 13 
Comparison of classic ‘ABCDE’-model of floral organ identity (A) with sliding 
boundaries (B) and fading borders (C) models (reproduced from Soltis et al. 
2006, Figure 1). 
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